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ABSTRACT 
The interaction between rainfall-runoff and the built environment is a major 
source of anthropogenic pollutant loadings to receiving waters and surficial soils.  
Particulate matter, generated from the interactions of the built environment and 
anthropogenic activities, is of significant environmental concern.  To a significant degree 
this mobile particulate matter can function as a substrate for reactive contaminants such 
as metals, xenobiotics and phosphorus.  To investigate the event-based coupled 
hydrologic and mass transport processes of particulate matter and their eventual fate in 
unit operations/processes, several methodologies were developed.  Water quantity and 
quality data from discrete rainfall-runoff events were collected at two similar urban 
watersheds and utilized for model calibration and verification.  A mathematically and 
physically-based criterion was proposed to differentiate rainfall-runoff events between 
exhibiting either first-order mass-limited or zero-order flow-limited behavior.  In addition, 
statistical techniques of Logistic Regression and Discriminant Analysis were utilized to 
derive classification rules for event categories based on hydrologic data only.  Through 
modeling these watersheds, as either lumped systems or distributed systems, physically-
based semi-empirical models were developed to simulate particulate mass delivery 
process during rainfall-runoff events.  The use of measured particle size distributions 
(PSDs) as compared to a single particle index such as a d50 was found to have a 
significant influence on model simulation of measured mass fluxes.  The application of 
fractional calculus to the advection-dispersion equation was also investigated for the 
distributed system model.  A novel mass transport model based on a unit pollutograph 
(UP) concept was proposed and successfully illustrated.  This model was developed from 
 xiv
an instantaneous unit pollutograph (IUP) as an analogous concept to the instantaneous 
unit hydrograph (IUH) for derivation of particulate unit pollutographs for each urban 
watershed.  The comparison between measured and modeled pollutographs derived by 
these various methodologies for the two instrumented watersheds indicated that all of 
these models developed provided insights into transport processes and facilitated 
pollutograph transport prediction tools for similar urban watersheds. 
A general design and analysis methodology for rainfall-runoff quantity and 
quality basins was proposed based on lumped hydrologic routing equations.  The 
feasibility of the methodology was demonstrated by the development of a series of design 
charts for a Baton Rouge, LA watershed, a 1-year, 1-hour design storm loading and a 
measured PSD from 1 to 10,000 µm.  Design curves were developed for typical urban 
watershed conditions, design loadings, and simulating rainfall-runoff basin behavior as a 
series of continuously stirred tank reactors with non-ideal settling.  Results indicated that 
the proposed methodology was useful and effective for rainfall-runoff basin unit 
operation design.  
 
 1
CHAPTER 1. INTRODUCTION 
Natural watershed hydrology and hydraulic conveyances systems have been significantly 
and adversely affected by rapid urbanization accompanied by increasing urban population 
growth (Kibler 1982).  The reduced infiltration capacity of the impervious built environment has 
increased runoff volumes and peak flows, while reducing flow lag times during wet weather 
events (Chow et al. 1988; Bedient and Huber 1992; Sansalone et al. 1998).  Over a period of 
years, as an area changes from grassland and forests to suburban development, the peak flood 
flows produced by rainfall-runoff events of a given magnitude may double or triple (Whipple 
and Randall 1983).  Urbanization has brought paved streets, parking lots, and roofs and 
considerably deteriorated natural infiltration and storage processes, resulting in an originally 
mapped “100-year” flood occurring at return periods less than 10 years.  
The other major issue associated with rainfall-runoff quantity problems is the large 
amount of runoff pollutants which are washed off and carried directly to natural water bodies by 
rainfall-runoff (Heaney and Huber 1984).  Rainfall-runoff from anthropogenic land uses and/or 
activities can harm surface water sources and in turn, cause or contribute to an exceedance of 
water quality standards by changing natural hydrological patterns, accelerating stream flows, 
destroying aquatic habitat, and elevating pollutant concentrations and loadings.  According to 
National Water Quality Inventory report (USEPA 1996), urban rainfall-runoff has been 
recognized as the leading source of impairments for surveyed estuaries and the third largest 
source of water quality impairments for surveyed lakes.  
The pollutants that are found in urban storm water runoff originate from a variety of 
sources.  The major sources include contaminants from residential and commercial areas, 
industrial activities, construction, roadways and parking lots.  The deposition and accumulations 
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of these dissolved and particulate-bound constituents results from traffic activities, vehicular 
component wear, fluid leakage, pavement degrading, and roadway maintenance (Ball et al. 1991; 
Lygren et al. 1984; Muschack 1990).  Pavement tire and vehicular part abrasion are sources of 
solids, ranging from rapidly soluble, submicron particles to insoluble gravel size aggregates 
abraded from the roadway surface.  Winter maintenance practices such as deicing salt application 
generate chlorides and associated cations, in particular sodium and calcium.  Contaminants in 
urban rainfall-runoff pollution fall into categories such as: particulate solids, oxygen-demanding 
substances, nitrogen and phosphorus, pathogens, petroleum hydrocarbons, metals, synthetic 
organics, etc. (Horner et al. 1994).  These particles settle out of the water in lakes, streams or 
bays, onto aquatic plants, rocks and the bottom sediments and can remain entrained in the water 
column, which prevent sunlight from reaching aquatic plants, clog fish gills, choke organisms, 
and can smother fish spawning and nursery areas.  Suspended solids and sediment loads surface 
waters diminish water clarity and adversely effect aquatic plant life by hindering sunlight 
penetration.  Sediments may also obstruct nutrient filters and gills of aquatic organisms as well 
as smother spawning beds and benthic communities.  Nutrients, including phosphates and 
nitrates, can stimulate algal growth, eventually lead to algal blooms and eutrophication.  Other 
pollutants such as metals and pesticides adsorb to sediments and are transported with them.  
Those pollutants degrade water quality and can harm aquatic life by interfering with 
photosynthesis, respiration, growth and reproduction.  Metals from natural sources such as 
minerals in rocks, vegetation, sand, and salt can be relatively are insignificant compared to 
anthropogenic sources.  Major metal pollution originates from different parts of vehicle such as 
tires, brake linings, weathered paint and exhaust.  Metals are toxic to aquatic life and can 
potentially contaminate ground water.  Typical urban runoff is warmer than the receiving waters 
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and can increase temperatures to levels that are harmful to more sensitive aquatic biota. 
(Murakawa et al. 1991). 
Knowledge of the toxicological effect of urban rainfall-runoff constituents on aquatic 
biota and human recipients has encouraged legislative development of rules and regulations for 
discharges control from overland flow, pavement sheet flow and municipal separate storm sewer 
system, with the goal of protection of our nation’s aquatic environment.  In 1972, Congress 
enacted the Federal Water Pollution Control Act, or Clean Water Act (CWA) and eventually the 
National Pollutant Discharge Elimination System (NPDES) to prohibit discharge of any pollutant 
to waters of the United States from a point or non-point source unless authorized by a NPDES 
permit. In 1987, Congress amended the CWA with the dual phase national NPDES amendments 
developed to address increasing concerns of rainfall-runoff.  The first phase of the NPDES storm 
water permit application regulations (“Phase I”) promulgated on November 16, 1990 (USEPA 
1990) addressed sources of rainfall-runoff that had the greatest potential to negatively impact 
water quality.  Phase I of the NPDES required storm water discharge permits for municipal 
separate storm sewer systems (MS4s) serving population in excess of 100,000 people, industrial 
facilities and construction sites disturbing a minimum of five acres of land (USEPA 1999).  
USEPA promulgated the NPDES storm water regulations for the second phase of storm water 
discharge control in December of 1999, which was more stringent and require NPDES 
permitting for MS4s serving populations greater than 10,000 and construction sites from one to 
five acres of land (USEPA 1999). 
To achieve the requirement in NPDES regulations, appropriate control strategies, 
management plans and practices have to be designed. Best management practices (BMP) are of 
significant current interest.  A storm water best management practice (BMP) is defined as “a 
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technique, measure or structural control that is used for a given set of conditions to manage the 
quantity and/or improve the quality of storm water runoff in the most cost-efficient manner” (Liu 
2001).  BMPs can be either engineered and constructed systems (“structural BMPs”) that 
improve the quality and/or control the quantity of runoff such as detention ponds or infiltration 
systems.  BMPs can also be institutional, educational or pollution prevention practices designed 
to limit the generation of storm water runoff or reduced the amount of pollutants contained in the 
runoff (“non-structural BMPs”).  There are a variety of structural BMPs in use for storm water 
management, including retention/detention ponds, grass strips, temporary sediment traps, 
infiltration, silt fences and diversion trenches, etc.  No single BMP can address all storm water 
problems.  Each has certain advantages and limitations, based on drainage area served, available 
land space, cost, target pollutant removal efficiency, as well as a variety of site-specific factors 
such as soil types, slopes, depth of groundwater table.  Careful consideration is necessary in 
order to select appropriate BMP or BMPs for a particular project. 
The global goal of this dissertation is to model the hydrologic and mass transport 
processes in small urban watersheds.  There are six major chapters in this research.  Chapter 2 
developed mathematical and statistical classification criteria for mass-limited and flow-limited 
rainfall-runoff.  Chapter 3 proposed a methodology for general design scheme for rainfall-runoff 
basins design for water quantity control.  Chapter 4 demonstrated the general design scheme for 
rainfall-runoff basins for both water quantity and quality control.  Chapter 5 modeled the mass 
delivery process of particulate constituents through the assumption of a lumped system.  Chapter 
6 modeled the mass delivery process of particulate constituents by assuming a distributed system 
and investigated the feasibility of fractional kinetic models.  Chapter 7 proposed analogical 
concepts of “instantaneous unit pollutograph” to “instantaneous unit hydrograph” and illustrated 
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the application of the concept for particulate flux prediction in rainfall-runoff events.  The 
research aims to provide guidance for particulate and particulate-associated pollutant transport 
modeling and control designs.  
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CHAPTER 2. DIFFERENTIATION OF MASS AND FLOW LIMITED 
RAINFALL-RUNOFF EVENTS FOR OVERLAND FLOW FROM 
SMALL URBAN CATCHMENTS 
 
SUMMARY 
Rainfall-runoff quantity and quality relationships are significantly altered by the 
built environment and anthropogenic activities.  Understanding these relationships for 
overland flow in small urban catchments facilitates development of in-situ wet weather 
control.  One aspect of this relationship is mass and flow-limited behavior for water 
quality indices. While there have been many incarnations of mass-limited behavior, such 
as the first-flush, there have been few investigations for differentiating mass and flow-
limited behavior.  This study examines the differentiation between these limiting 
behaviors through physical and statistical (logistical regression, discriminant analysis) 
approaches to derive decision rules for classifying events.  Results are based on water 
quantity and quality (SSC, TDS, COD) data from 28 events at a Baton Rouge catchment 
(544 m2) and 14 events at a Cincinnati catchment (300 m2).  Both sites are urban, paved 
and are upper-watershed catchments.  The physically-based differentiation rules worked 
well at each site and were successfully generalized across sites.  Statistical techniques 
provide promising methodologies for mass delivery differentiation based only on 
hydrology.  Dimensionless cumulative hydrographs were successfully modeled using a 
gamma distribution.  Uncertainty analysis was performed for those models and it is found 
that models derived from Logistic Regression are more reliable than those derived from 
Discriminant Analysis.  Multiple Regression models are also robust with respect to the 
effect of uncertainty introduced by the parameter estimation of hydrograph time 
distribution. 
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INTRODUCTION 
The quantity and quality relationship of rainfall-runoff in urban areas has been 
significantly changed by both the impervious built environment and anthropogenic 
activities such as traffic (Bedient and Huber 1992; Sansalone et al. 1998).  
Common water quality indices associated with urban rainfall-runoff include 
suspended sediment concentration (SSC) (Gray et al. 2000), total dissolved solids (TDS), 
and chemical oxygen demand (COD) (APHA 1998).  Accretion of constituents associated 
with such indices result from vehicular-pavement interaction, deposition and leaching of 
deposited anthropogenic materials and infrastructure, and maintenances practices (Brown 
1978; Sansalone and Buchberger 1997; USEPA 1995; Yu et al 1994).  
Recently, increasingly attention has been focused towards defining the delivery of 
rainfall-runoff constituents.  In addition, common rules of thumb (such as a first flush) 
regarding constituent delivery have led to concepts such as water quality volumes (WQV).  
Such concepts are intended to optimize volumetric-based capture criteria for unit 
operations and process intended while providing receiving water quality benefits.  
PREVIOUS WORK 
Mass and Concentration First Flush Definitions 
Throughout the literature the term “first flush” with respect to rainfall-runoff has 
been the subject for numerous and tenacious discussions.  First flush generally refers to 
the delivery of a disproportionately large loads or concentrations of constituents during 
the early part of the runoff hydrograph.  The first flush is most readily observed on small 
catchments or individual sites, particularly if a high proportion of the catchment is 
impervious.  Although the concept of “first foul flush” dates back to 1910s (Metcalf and 
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Eddy 1916), the concept of a first flush has many different definitions.  For example 
language such as “large load of constituents” and “early part of the runoff hydrograph” is 
not always quantitatively defined and can be interpreted in many ways (Bertrand et al. 
1998).  Not withstanding this historical latitude of interpretation most first flush 
definitions can be grouped into a mass or concentration basis (Gupta and Saul 1996). 
Concentration-Based First Flush (CBFF) 
The concentration-based first flush (CBFF) indicates a disproportionately high 
constituent concentration during the rising limb of the runoff hydrograph or the early 
portion of the runoff hydrograph (Sansalone and Cristina 2004).  A first flush can be 
identified when a significant concentration peak occurs at the beginning of storm events 
(Thornton and Saul 1986; Deletic 1998; Deletic and Maksumovic 1998; Gupta and Saul 
1996).  Drapper et al. (2000) stated that a “first flush” occurred when the concentration in 
the first 20-L of runoff was higher than the event mean concentration (EMC).  
However, several studies have concluded that from the treatment point of view, 
definitions based only on concentration may be inadequate.  Wanielista et al. pointed out 
that increases in mass at lower concentrations might be more detrimental to receiving 
waters than lower flows with higher concentrations and those first flush definitions based 
on concentration could mislead designers of treatment controls (Wanielista et al. 1977; 
Bertrand et al. 1998).  All definitions based lonely on concentration peaks are inadequate 
and it is necessary to qualify this with constituent mass (Bertrand et al. 1998). 
Mass-Based First Flush (MBFF) 
While a concentration-based first flush definition was first proposed, first flush 
definitions based on mass have received much attention and the literature is replete with 
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mass-based first flush (MBFF) examinations (Lee and Bang 2000; Cristina and Sansalone 
2003; Sansalone and Buchberger 1997; Sansalone et al. 1998).  The MBFF indicates a 
disproportionately high delivery of constituent mass during the rising limb of the runoff 
hydrograph or the early portion of the runoff hydrograph (Sansalone and Cristina 2004).  
The first flush phenomenon can be identified based on the relationship between 
the cumulative mass curve and the cumulative runoff volume curve (Sansalone et al. 
1998).  In 1996, Gupta and Saul proposed that a first flush can be quantified by the 
divergence magnitude between the dimensionless cumulative percentage of constituents 
mass and the cumulative percentage of volume plotted against the cumulative percentage 
of time (Gupta and Saul 1996).  The most universal method is to define a first flush when 
cumulative mass pollutant load curves are positioned above the cumulative volume 
curves (Lee and Bang 2000; 2002).  
Some other definitions of a first flush are based on dimensionless cumulative 
mass versus cumulative volume curves (Bertrand et al 1998).  Saget et al. as well as 
Bertrand et al. defined “the 30/80 first flush” where at least 80% of the constituent mass 
(i.e. suspended sediment concentration SSC) is transported in first 30% of the total runoff 
volume (Bertrand et al. 1998).  Wanielista and Yousef proposed that 50% of the 
constituent mass is transported in the first 25% of the volume (Wanielista and Yousef 
1993).  Stahre and Urbonas proposed a 20/80 criterion to identify first flush phenomenon 
(Stahre and Urbonas 1990).  Vorreiter and Hickey defines first flush as transporting 80% 
of the constituent load in 25% of the flow (Vorreiter and Hickey 1994).  
Bertrand et al. (1998) defined the dimensionless cumulative constituent mass 
versus volume curve equation using a power law function that utilized the exponential
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value (ω) as a comparative tool for quantifying a potential first flush.  The model has the 
form of ωTT VM =∆  and values of ω less than 1 indicate a first flush phenomena, while 
value of ω greater than 1 indicate no occurrence of first flush for a rainfall runoff event.  
An additional approach calculates the correlation coefficients between the cumulative 
pollutant mass and the cumulative runoff volume (Bertrand et al. 1998).  Schueler (1987) 
suggested that the first flush could be represented by the first 1.27 cm of runoff per 
impervious acre, or the runoff produced by 2.54 cm of rainfall. 
OBJECTIVES 
There are three major objectives of this study for 28 captured rainfall-runoff 
events from an urban paved Baton Rouge catchment and for 14 events at a similar urban 
Cincinnati catchment.  The first objective is to develop a criterion that will most 
appropriately classify a rainfall-runoff event as either mass-limited or flow-limited with a 
sound mathematical foundation.  The criterion will be on the basis of both hydrographs 
and pollutographs derived from rainfall-runoff water quality and quantity analysis data 
from two similar urban sites.  The second objective will be the utilization of Logistic 
Regression and Discriminant Analysis, to derive decision rules to categorize rainfall-
runoff events as either mass-limited or flow-limited, only based on hydrologic data.  The 
third objective is to use multiple-linear regression approach to predict parameter 
coefficients first-order k1 and M0 in mass-limited events. Additionally, the time-
distributions of cumulative hydrographs from each site are modeled.   
METHODOLOGY 
Experimental Catchment Sites 
An instrumented catchment site was selected on Interstate-10 over City Park Lake 
in urban Baton Rouge, Louisiana.  The concrete-paved watershed is 44.6-m long, 12.2-m 
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wide, with a total area of 544-m2 (5853-ft2).  The paved catchment slope is 2.0%.  Runoff 
generated from the watershed was in a form of lateral pavement sheet flow and manually 
sampled and measured at a closely-spaced time intervals throughout the duration of each 
event.  The entire cross-section of flow was sampled and two 1-L replicate samples were 
taken at each time interval (typically every 2 to 5 minutes).  Flow was routed to a 2200-L 
settling basin for storage and eventual characterization of particulate matter.  A site 
tipping bucket rain gage and data-logger collected rain data in increments of 0.01 inches.  
The average annual daily traffic volume (AADT) for the eastbound I-10 lanes was 70,400 
vehicles.  Mean annual precipitation at the site is 1460 mm/year. 
A similar small urban site was constructed on State 75 (I-75) in urban Cincinnati, 
Ohio.  Rainfall-runoff data was collected from a 15-m by 20-m asphalt-paved section 
with a transverse slope of 2% across the length of the pavement and a longitudinal slope 
of 0.4%.  Runoff flowed towards the edge of the paved 300-m2 watershed in the form of 
lateral pavement sheet flow.  Detailed descriptions of the experimental system can be 
found elsewhere (Sansalone and Buchberger 1997; Sansalone et al 1998).  AADT at the 
Cincinnati site was 115,000 passenger vehicles and 15,000 commercial vehicles from the 
soutbound lanes (Sansalone and Buchberger 1997).  Cincinnati receives on average 1,020 
mm of rainfall and 420 mm of snow per year (Sansalone and Buchberger 1997).  Figure 
2.1 contains the schematic plan views of both experimental sites developed for this study. 
Rainfall-Runoff Sampling and Quality Analysis  
At each site, two 1-L replicate samples were collected at each discrete time 
interval throughout the duration of the entire event and transported to the laboratory for 
water quality analysis within 6 hours of sampling (generally less than 2 hours).  A 
minimum of 15 replicate sample pairs were collected for each event.  Suspended  
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Upper Expansion Joint
 
  
 
Figure 2.1 Plan View of Experimental Sites (not to scale, NTS) 
 
a. Site in urban Baton Rouge, Louisiana. Runoff is generated from a 544-m2 section of 
PCC pavement and collected from the lower expansion joint. The pavement 
catchment is 12.2-m wide by 44.6-m long, with a tangential slope of 2.02%. Arrows 
indicate the direction of flow. All flow is captured from the lower expansion joint and 
catch basin.  
 
b. Site in urban Cincinnati, Ohio. Runoff generated from a 300-m2 section of asphalt 
pavement is collected at the edge of the pavement. The pavement catchment is 20-m 
wide by 15-m long, with a transverse slope of 2% across the length of the pavement 
and a longitudinal slope of 0.04%. Arrows indicate the direction of flow. All flow is 
captured from the 300-m2 area at the edge of the pavement in an epoxy-coated flume.  
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sediment concentrations (SSC), volatile suspended sediment concentration (VSSC) were 
analyzed for each sample according to the methods proposed by Gray (Gray et al. 2000), 
while total dissolved solids (TDS), total chemical oxygen demand (CODT), and dissolved 
chemical oxygen demand (CODd) were analyzed for each sample in Baton Rouge site 
according to the standard methods (APHA 1998).  Detailed descriptions of data 
collection, results, hydrology and analytical methods and quality assurance can be found 
elsewhere (Sansalone and Buchberger 1997; Sansalone et al. 1998). 
Definition of Mass-Limited vs. Flow-Limited Events  
The terms “flow-limited” and “mass-limited” were utilized by Sansalone and 
Cristina (2004) to classify rainfall-runoff events.  A “flow-limited event” is defined as 
constituent mass delivery that is proportional to runoff volume.  In that case, there is 
sufficient constituent mass available on the surface across the event duration, and the 
flow rate is the critical factor limiting the wash off process.  On the other hand, “mass-
limited event” is defined as disproportional constituent mass delivery of runoff volume, 
typically lower volume delivery relative to the amount of constituent mass delivered.  In 
that case, at the latter portion of the event, there is not enough constituent mass available 
on the surface, and it would be the constituent mass which limits the wash off process.  
The ability to quantitatively differentiate between mass-limited and flow-limited 
behavior has clear implications for in-situ control of rainfall-runoff quality.  For the case 
of mass-limited event, applying capture and treatment to only the first portion of the 
event where a mass first flush occurs may allow a more economical design for volume-
based controls.  These controls would also have the capacity to capture the volume from a 
flow-limited event at the same site.  While these studies of the first flush or water quality 
volume have helped focus attention on a relationship quantity and quality; the ability to 
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differentiate between flow and mass limited behavior can provide further insight into 
constituent delivery behavior and therefore in-situ control.  
Mass-Limited Behavior 
For a mass-limited event, constituent mass remaining on the urban surface is the 
limiting factor.  It is commonly assumed that the constituent wash-off rate is “first order” 
and proportional to mass remaining on the pavement surface (Zhang and Kiyoshi 1998).  
KM
dt
dM −=                                                            (1) 
In this expression, M is the constituent mass remaining on the watershed [M]; K is the 
wash-off coefficient [T-1]; t is time [T]. 
Discretization and integration of (1) yields the following expression. 
tKetMttM ∆−=∆+ )()(                                    (2) 
Since the wash-off coefficient K indicates the entrainment and delivery capability 
of the flow with respect to a particular constituent, it is assumed to by linear related to the 
flow rate (Barbe et al. 1996; Millar 1999) as shown below.   
QkK 1=                                                                  (3) 
In the expression, Q is the flow rate [L3T-1]; k1 is the 1st order coefficient [L-3].  
 Combining (2) and (3) leads to (4).      
)1( 10 T
Vk
T eMM
−−=∆                                          (4) 
In the expression, ∆MT is the cumulative constituent mass delivered [M]; VT is the 
cumulative volume [L3]; M0 is the constituent mass on the surface at the beginning of the 
rainfall-runoff event [M]; k1 is the first-order coefficient [L-3]. 
Flow-Limited Behavior 
For a flow-limited event, it is the flow rate which is the critical factor limiting the 
entrainment and delivery process.  Therefore the wash-off rate is uncorrelated to the 
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constituent mass remaining on the urban surface.  For flow-limited events, the wash-off 
model is proposed to have the following form. 
K
dt
dM −=                                                                (5) 
In the expression, M is the constituent mass remaining on the urban surface [M]; K is the 
wash off coefficient [MT-1]. 
Equation (5) can be integrated. 
tKtMttM ∆−=∆+ )()(                                          (6) 
Similar to mass-limited events, the wash-off coefficient indicates the wash off 
capability of the flow.  For flow-limited events, K is assumed to by linear related to the 
flow rate (Barbe et al. 1996; Millar 1999). 
QkK 0=                                                                   (7) 
In the expression, Q is the flow rate [L3T-1]; k0 is the zero-order coefficient [ML-3]. 
Therefore,                                          TT VkM 0=∆                                                         (8) 
In this expression, ∆MT is the cumulative constituent mass delivered [M]; VT is the 
cumulative volume [L3]; and k0 is the zero-order coefficient [ML-3]. 
From the derivations above, the mass differentiation criteria for mass-limited 
events and flow-limited events, based on the evaluation of the quantity-quality 
relationship between cumulative volume and cumulative constituent mass can be stated.  
a) If the cumulative constituent mass versus cumulative volume curve follows an 
exponential pattern, the event would be mass-limited (application of Equation 4); 
b) If the cumulative constituent mass versus cumulative volume curve follows a 
linear pattern, the event would be flow-limited (application of Equation 8); 
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It is noted that compared to dimensionless normalized cumulative mass and 
volume curves, the actual cumulative mass and volume curves indicates the real physical 
wash off process and the parameters to be estimated in the actual cumulative mass and 
volume curves have physical meanings because they are the decay coefficients in 
conventional wash off models (Alley 1981; Barbe et al. 1996; Millar 1999).  The 
definition proposed above provides a connection between the differentiation of rainfall-
runoff delivery and the conventional wash off models.  
Hydrologic, Catchment and Constituent Factors 
There are many factors that influence the relationship between hydrology and 
delivery of constituent load, and thus the occurrence of a flow-limited event or mass-
limited event.  Those factors include rainfall intensity, previous dry hours (PDH), traffic 
loading, geometrics and drainage characteristics of the catchment area, the 
imperviousness of the catchment, the mobility and properties of the constituents, runoff 
volume, runoff duration, stream power, and the time distribution of runoff hydrograph 
(Bertrand et al. 1998; Lee and Bang 2002).  For this study the variables of interest are 
hydrologic; particularly, candidate variables include runoff volume, runoff duration, 
previous dry hour, stream power, and parameters of hydrology time distribution. 
Stream Power 
Stream power is defined as “the rate of doing work, or a measure of the energy 
available for moving rock, sediment particles, or debris in the stream channel, as 
determined by discharge, water surface slope, and the specific weight of water” (Chang 
1988).  The power generated by runoff from a rainfall event is given by the following 
equation (Chang 1988). 
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W
Qm
P swu
γ=                                                      (9) 
In the expression, Pu is the stream power for unit watershed surface area [MT-2]; ms is the 
pavement slope; W is the watershed width [L]; Q represents runoff discharge [L3T-1]; γw 
is the specific weight of water, which is assumed as 1 [ML-2T-2].  The specific weight is 
defined the amount of weight per unit volume of a substance and is expressed in (10).   
γ = ρg                                  (10) 
In this expression, ρ is the water density [ML-3].  Stream power indicates the amount of 
power associated with runoff at a particular flow rate and describes the potential transport 
forces of flow on particulates.  Simultaneous stream power is derived if simultaneous 
flow rate is substituted into Equation (9).  To represent the entire rainfall-runoff event, 
the stream power is estimated based on the average flow rate. 
Time Distribution of Hydrograph 
Besides total volume and duration parameters of the runoff hydrograph, the time 
distribution of the hydrograph is also a very important factor that may significantly 
influence the entrainment and transport of constituents in a rainfall-runoff event.  
However, hydrograph examination through incremental time and incremental volume are 
somewhat difficult to examine, especially for complex and multiple mode hydrographs as 
shown in Figure 2.2.  To overcome this, the dimensionless cumulative distribution of 
runoff was examined using a number of probability distributions (normal, lognormal, 
gamma, beta and exponential).  The optimization of parameters was estimated by  
minimizing the sum of squared errors (SSE), maximizing correlation coefficient (R2) 
while ensuring a statistical p-value (p > 0.05) between the modeled distribution and 
experimental data.  
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Figure 2.2 Normalized Cumulative Hydrograph Modeled as Gamma Distributions 
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In this expression, f(x) represents normalized incremental runoff volume, determined by 
TV
Vi∆ ;  
x represents normalized time, determined by 
TV
Vi∆ ; )(xΓ represents normalized cumulative 
runoff volume, determined by 
TV
VTi ; i = 1, 2,…, m; iV∆   is the incremental runoff volume of ith 
time interval; TV is the total runoff volume of the entire event; TiV  is the cumulative runoff 
volume till ith time interval; i = 1, 2,…, m; m is the number of increments; η is the shape factor 
and φ is the scale factor. 
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Site-Specific Differentiation Criteria for Events Prediction 
Although there are methodologies that have been developed to evaluate transport 
concepts of mass or concentration, these methodologies have utilized both the 
hydrograph and pollutograph (Stahre and Urbonas 1990; Wanielista and Yousef 1993; 
Vorreiter and Hickey 1994; Gupta and Saul 1996; Sansalone and Buchberger 1997; 
Bertrand et al. 1998; Cristina and Sansalone 2004).  Hydrographs can be measured, 
empirical or synthesized.  In comparison, knowledge of the pollutographs generally 
involves extensive and expensive field and lab work and such information is generally 
unavailable.  Therefore, it would be valuable if mass-limited and flow-limited events 
could be differentiated, given only the hydrologic behavior of a site.  For this goal, 
statistical methodologies were applied for both Baton Rouge and Cincinnati sites and two 
different sets of differentiation criteria were developed for each site.  
Logistic Regression 
Logistic regression allows prediction of a discrete outcome such as group 
membership from a set of variable that may be continuous, discrete, dichotomous, or a 
mix (Tabachnick and Fidell 1996).  Discrete responses include binary responses (for 
example, success and failure) and ordinal responses (for example, normal, mild, and 
severe).  Suppose x is a vector of explanatory variables and )1Pr( xYp == is the 
response probability to be modeled.  The linear logistic model has the following form.  
nLnLLL xxxp
ppLogit ββββ +++=−= ...)1log()( 22110                (11) 
In this expression, βL0, βL1, …, βLn are logistic regression coefficients; x1, x2, …, xn are 
predictor variables and n is the number of predictor of variables.  The estimation 
probability is derived by following equation. 
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The probabilities sum up to 1.  Parameter estimation is carried out under a maximum 
likelihood criterion (Khattree and Naik 2000).  Logistic regression is commonly 
employed for cases with large numbers of potential predictor variables and little a-priori 
information on their relative importance.  Methods such as backwards elimination and 
stepwise selection have been developed to aid variable selection in such situations and in 
the context of logistic regression, to find a smaller set of variables that jointly capture the 
predictive capacity of a larger set of candidate variables (Tinsley and Brown 2000).  
For binary response models, the response Y, of an individual or experimental unit 
can take on one of two possible values, denoted for convenience by 1 and 0 (for example, 
Y = 1 if a disease is present, otherwise Y = 0).  In this study, Y = 1 when a flow-limited 
event occurs; Y = 0 when a mass-limited event occurs and x are hydrologic parameters, 
such as runoff duration, volume, stream power, or hydrograph time distribution. 
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Linear Discriminant Analysis 
Discriminant analysis also allows the examination of group membership from a 
set of predictors.  For example, in this study, the rainfall-runoff events at the Baton 
Rouge site and the events at the Cincinnati site are classified into either flow-limited or 
mass-limited, with hydrologic parameters only, such as rainfall-runoff duration, volume, 
stream power, time distribution of hydrograph, as the predictors.  Linear discriminant 
analysis forms one or more weighted linear combinations of discriminator variables 
called discriminant functions with the general form of (14).  In (14), D is the discriminant 
score; 
nDnDDD xxxD '...'' 22110 ββββ +++=                         (14) 
βD0, βD1, …, βDn are discriminant function coefficients; x’1, x’2, …, x’n are discriminator 
variables which are linear combinations of predictor variables; and n is the number of 
predictor variables.  A discriminant score for each discriminant function is calculated for 
each case in a sample by multiplying each case’s discriminator variable raw score by the 
associated weight, namely, the discriminant coefficient (Tinsley and Brown 2000). 
 When the distribution within each group is assumed to be multivariate normal, a 
parametric method can be used to develop a discriminant function.  For linear 
discriminant analysis, the discriminant function, also known as a classification criterion, 
is determined by a measure of generalized squared distance (Khattree and Naik 2000).  
The case would be classified into the group with the highest score.  For example, with 
respect to this study, discriminant functions - linear combinations of several hydrologic 
predictors, such as previous dry hour (PDH), runoff duration (DT), runoff total volume 
(TV), stream power (Pu) and hydrograph time distribution parameters, are derived for 
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both mass-limited and flow-limited groups.  For each new event, discriminant scores for 
each group are calculated from discriminant functions.  The new event would be 
classified into the group with the higher score.  In this analysis there are 28 events 
available for Baton Rouge and 14 events for Cincinnati.  Linear discriminant analysis 
approach has been shown to be robust to failures of normality (Tabachnick and Fidell 
1996).   
Generalized Differentiation Criteria for Events Prediction 
Although the methodologies, i.e. logistical regression, discriminant analysis, may 
be universally utilized at different sites, the decision rules are expected to be different for 
different sites, that is, the statistical procedures, i.e. logistical regression and discriminant 
analysis, have to be performed individually for each site.  To derive a universal 
differentiation criterion for both sites, analysis of covariance (ANOCVA) in Logistic 
Regression is utilized.  If the data are from Baton Rouge site, a categorical variable 
“Group” is defined as “B”, while “Group” is defined as “C” if the data are from 
Cincinnati site.  The data from two sites would be pooled together to perform Logistic 
Regression similar as before, except that one dummy variable “Group” is added into the 
model in addition to continuous regressors such as duration, total volume.  
Multiple Linear Regression of Coefficients 
Hydrologic parameters explaining variations of the first-order coefficients k1 and 
P0 for mass-limited events in Equation (4) and zero-order coefficient k0 for flow-limited 
events in Equation (8) may include average flow rate, runoff volume, duration, time 
distribution of the hydrograph, stream power, and previous dry hours.  Statistical 
multiple-regression approach was used to develop relationships between k1 and M0 values 
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and those parameters.  Mathematically, the general regression equation is given as 
follows. 
nkkk
nk xxxk 1
2111
1
...2101
ββββ=                                        (15) 
nPPP
nP xxxM 0
2010
0
...2100
ββββ=                                  (16)   
In these expressions, βs are regression model coefficients vectors; x1, x2, …, xn are 
predictor variables; and n is the number of predictors.  Analysis of covariance in multiple 
linear regression was possible by adding one dummy variable “Group” into the model.  
Reliability and Uncertainty Analysis of Models 
In the ordinary linear models, response variables are the only variables that will 
be observed with error.  However, in some cases, there are errors that have to be 
considered in both response and predictors variables (Fuller 1987).  Models involved are 
typically called measurement error (ME) models, or errors-in-variables models (EVM), a 
generalization of standard regression models (Cheng and Ness, 1999).  Adcock (1877; 
1878) is usually regarded as the first person specifically to consider such models.  
 The situation here is similar to errors-in-variables models, but not exactly the 
same.  There are errors in all of the five predictor variables, TV, DT, PDH, Pu and the 
hydrograph time distribution parameters, although in different categories.  For TV, DT, 
PDH, and Pu, there would be some measurement errors, which were neglected in this 
study.  However for the hydrograph time distribution parameters, the errors involved 
were estimation errors because they are not directly measured.  Instead, they are 
estimated using Proc NLIN in SAS.  Parameter estimates and standard deviations for 
each rainfall-runoff events are estimated using least squares techniques.  All of these 
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errors may affect the logistical regression, discriminant analysis and multiple regression 
models significantly.  In this study, only the effect of estimation errors was investigated 
for simplicity.  
The estimation procedure by Proc NLIN did introduce some uncertainty into the 
model and may significantly deteriorate the reliability of those models.  To investigate 
the possible uncertainty, simulations were performed by SAS macro.  In each simulation, 
instead of using the estimated values of the hydrograph time distribution parameters for 
each rainfall-runoff event, the input value for those parameters are generated by random 
function, given mean value and standard deviation.  The algorithm is based on the 
assumption that the true parameter values are normally distributed. 
RESULTS AND DISCUSSIONS 
Differentiation of Recorded Events 
Based on the proposed differentiation criteria, each of the 28 events from Baton Rouge 
site during the time period of 2000 to 2003 and 14 events from Cincinnati site during the 
time period of 1995 to 1997 were classified as mass-limited or flow-limited.  The 
classification results are shown in Table 2.1 and Table 2.2.  Figure 2.3 illustrates the 
classification results for 31 May 2001 event, in which the mass deliveries of SSC, VSSC, 
CODT and CODp are classified as mass-limited while the mass deliveries of TDS and 
CODd are classified as flow-limited.  It is expected that the interactions between 
hydrology and mass delivery are different with respect to the different constituents 
indices examined, SSC, VSSC, TDS, CODT, CODd, and CODp.  In addition, for a given 
constituent, different relationships are expected for different rainfall-runoff events.  This 
suggests that first flush guidance may be more complicated than originally envisioned. 
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Table 2.1a Classification Results from Differentiation Criteria for 28 Recorded Events in Baton 
Rouge, Louisiana 
SSC VSSC TDS  
No. Event Criteria1 DA LR Criteria1 DA LR Criteria1 DA LR 
1 31 May 2001 M F M M F F F F F 
2 27 Jun 2001 M M M M M M M M M 
3 19 Jan 2002 M F M F F F M F M 
4 24 Jan 2002 F F F F F M M M M 
5 11 Apr 2002 M F F M F F M M M 
6 16 Jun 2002 M F M M F M M M M 
7 21 Jul 2001 M M M M M M M M M 
8 7 Aug 2001 M M M M M M M M M 
9 5 Jan 2002 M M M M M M M M M 
10 9 Mar 2002 M M M M M M M M M 
11 13 May 2002 M M M M M M M M M 
12 30 May 2002 M M M M M M M M M 
13 18 Mar 2000 M M M M M M / / / 
14 5 Jun 2000 M M M M M M M M M 
15 9 Jun 2000 M M M M M M M M M 
16 7 Aug 2000 F F M F F F M M M 
17 10 Aug 2000 M M M M M M M M M 
18 21 Sept 2000 M M M M M M M M M 
19 4 Nov 2000 M M M M M M M M M 
20 13 Dec 2000 M M M M M M M M M 
21 29 Jan 2001 M M M M M M M M M 
22 3 Dec 2002 F F F M F M M F M 
23 20 May 2003 M M M F F F M F M 
24 2 Jun 2003 M M M M M M M M M 
25 17 Jul 2003 M F M F F F F F F 
26 3 Aug 2003 M M M M M M M M M 
27 20 Aug 2003 M M M M M M M M M 
28 3 Sept 2003 M M M / / / / / / 
Classification 
Accuracy2 / 82% 93% / 85% 89% / 89% 100%
 
f – flow-limited events; m – mass-limited events; LR is Logistic Regression; DA is Discriminant Analysis; 
SSC – suspended sediment concentration; VSSC – volatile suspended sediment concentration; TDS - total 
dissolved solids; 2Classification Accuracy is defined as Tw NN /1− , Nw is the # of events misclassified; 
NT is the # of total events classified; 1the criteria derived for mass-limited and flow-limited events 
differentiation. 
• Mass-limited: the cumulative constituent mass versus cumulative volume curve follows an exponential 
pattern, )1( 10 T
Vk
T eMM
−−=∆ . 
• Flow-limited: the cumulative constituent mass versus cumulative volume curve follows a linear pattern, 
TT VkM 0=∆  
Where ∆MT is the cumulative constituent mass delivered [M]; VT is the cumulative volume [L-3]; M0 is the 
constituent mass on the surface at the beginning of the rainfall-runoff event [M]; k0 is zero-order coefficient 
[ML-3] and k1 is first-order coefficient [L-3]. 
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Table 2.1b Classification Results from Differentiation Criteria for 28 Recorded Events in Baton 
Rouge, Louisiana 
CODT CODd CODp  
No. Event Criteria1 DA LA Criteria1 DA LA Criteria1 DA LA 
1 31 May 2001 M F F F F F M F M 
2 27 Jun 2001 M M M M M M M M M 
3 19 Jan 2002 M F M M M M M M M 
4 24 Jan 2002 F F F F F F F M M 
5 11 Apr 2002 F F F F F F M F M 
6 16 Jun 2002 F F F F F F M M M 
7 21 Jul 2001 M M M M M M M M M 
8 7 Aug 2001 M M M M M M M M M 
9 5 Jan 2002 M M M M M M / / / 
10 9 Mar 2002 M M M M M M / / / 
11 13 May 2002 M M M M M M M M M 
12 30 May 2002 M M M M M M F F F 
13 18 Mar 2000 M M M M M M M M M 
14 5 Jun 2000 M M M M M M M M M 
15 9 Jun 2000 M M M M M M M M M 
16 7 Aug 2000 M F M M F M M M M 
17 10 Aug 2000 M M M M M M M M M 
18 21 Sept 2000 M M M M M M M M M 
19 4 Nov 2000 M M M M M M M M M 
20 13 Dec 2000 M M M F F F M F M 
21 29 Jan 2001 M M M M M M M M M 
22 3 Dec 2002 F F M M F M F F M 
23 20 May 2003 M F M M F M M F M 
24 2 Jun 2003 M M M M M M M M M 
25 17 Jul 2003 F F F F F F F F F 
26 3 Aug 2003 M M M M M M / / / 
27 20 Aug 2003 M M M M M M M M M 
28 3 Sept 2003 / / / / / / / / / 
Classification 
Accuracy2 / 85% 93% / 89% 100% / 79% 92% 
 
f – flow-limited events; m – mass-limited events; LR is Logistic Regression; DA is Discriminant Analysis; 
CODT - total chemical oxygen demand (ML-3); CODd - dissolved chemical oxygen demand (ML-3); CODp - 
particulate chemical oxygen demand (ML-3); 2Classification Accuracy is defined as Tw NN /1− , Nw is the 
# of events misclassified; NT is the # of total events classified; 1the criteria derived for mass-limited and 
flow-limited events differentiation. 
• Mass-limited: the cumulative constituent mass versus cumulative volume curve follows an exponential 
pattern, )1( 10 T
Vk
T eMM
−−=∆ . 
• Flow-limited: the cumulative constituent mass versus cumulative volume curve follows a linear pattern, 
TT VkM 0=∆  
Where ∆MT is the cumulative constituent mass delivered [M]; VT is the cumulative volume [L-3]; M0 is the 
constituent mass on the surface at the beginning of the rainfall-runoff event [M]; k0 is zero-order coefficient 
[ML-3] and k1 is first-order coefficient [L-3]. 
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Table 2.2 Classification Results from Differentiation Criteria for 14 Recorded Events in 
Cincinnati, Ohio 
 
SSC VSSC TDS No. Event 
Criteria1 DA LR Criteria1 DA LR Criteria1 DA LR 
1 8 Apr 1995 M M M M M M M M M 
2 8 Apr 19952 M M M M M M M M M 
3 30 Apr 1995 M M M M M M M F M 
4 8 Sept 1995 M M M M M M M M M 
5 3 Oct 1995 M M M M M M M M M 
6 21 May 1996 F M F F M F F F F 
7 18 Jun 1996 M M M M M M M M M 
8 7 Jul 1996 M M M M M M M M M 
9 8 Aug 1996 M M M M M M M M M 
10 17 Oct 1996 M M M M M M M M M 
11 25 Nov 1996 F F F F F F F F F 
12 16 Dec 1996 M M M M M M F F F 
13 16 Dec 19963 F F F F F F F F F 
14 12 Jun 1997 M M M M M M M M M 
Classification 
Accuracy4 / 93% 100% / 93% 100% / 93% 100%
 
 
f – flow-limited events; m – mass-limited events; LR is Logistic Regression; DA is 
Discriminant Analysis; SSC – suspended sediment concentration; VSSC – volatile 
suspended sediment concentration; TDS - total dissolved solids;  
2the second event on 8 Apr 1995 separated by 102 dry minutes;  
3the second event on 16 Dec 1996 separated by 92 dry minutes;  
4Classification Accuracy is defined as Tw NN /1− , Nw is the # of events misclassified; NT 
is the # of total events classified. 
1the criteria derived for mass-limited and flow-limited events differentiation. 
• Mass-limited: the cumulative constituent mass versus cumulative volume curve 
follows an exponential pattern, )1( 10 T
Vk
T eMM
−−=∆ . 
• Flow-limited: the cumulative constituent mass versus cumulative volume curve 
follows a linear pattern, TT VkM 0=∆  
Where ∆MT is the cumulative constituent mass delivered [M]; VT is the cumulative 
volume [L-3]; M0 is the constituent mass on the surface at the beginning of the rainfall-
runoff event [M]; k0 is zero-order coefficient [ML-3] and k1 is first-order coefficient [L-3]. 
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Figure 2.3 Classification of Mass-Delivery, Based on Constituent Indices and Phases, for 
the May, 31, 2001 Event in Baton Rouge LA 
 
The mass-delivery of SSC (plot a), VSSC (plot b), CODT (plot d), and CODp (plot f) are 
classified as mass-limited. 
The mass-delivery of TDS (plot c) and CODd (plot e) are classified as flow-limited. 
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Time Distribution of Hydrograph 
It was found that all of the cumulative hydrographs could be best modeled using a 
gamma distribution.  The gamma distribution can be utilized to model the progression of 
rainfall-runoff delivery over the entire runoff duration.  The probability density function 
of gamma distribution is described as:  
)(
)(
)(
1
ϕη
η
ηϕ
Γ=
−−
x
ex
xf                                              (17) 
In the expression, φ is the shape factor and η is the scale factor.  The cumulative gamma 
distribution has the following form. 
∫=Γ x dxxfx 0 )()(                                              (18) 
The optimization of φ and η parameters were estimated by minimizing the sum of 
squared errors (SSE), maximizing correlation coefficient while ensure a statistical p-
value (p > 0.05) between the modeled distribution and experimental data.  The summary 
of the curve fitting is listed in Table 2.3.  Figure 2.2 illustrates examples of the best-fit 
modeled distributions compared with the experimentally measured hydrographs.  
Site-Specific Differentiation Criteria for Prediction 
Logistic Regression 
Logistic regression was performed for the 28 events in Baton Rouge site and 14 
events in Cincinnati site respectively.  The binary response Y was either mass-limited or 
flow-limited.  The independent variables include runoff duration (DT), total volume (TV), 
stream power (Pu), previous dry hour (PDH) and hydrograph time distribution parameters 
(φ and η in Gamma distribution).  The predictors are summarized in Table 2.4. 
  31
Table 2.3a Estimated Parameters of a Gamma Distribution Fitted to Normalized Time 
Distribution of Runoff for 28 Recorded Events in Baton Rouge, Louisiana 
 
No. Event η φ SSE R2 p – value 
1 31 May 2001 1.017 0.255 0.027 0.9992 0.124 
2 27 Jun 2001 6.268 0.071 0.004 0.9892 0.853 
3 19 Jan 2002 1.468 0.205 0.007 0.9973 0.984 
4 24 Jan 2002 2.896 0.160 0.029 0.9971 0.116 
5 11 Apr 2002 2.112 0.177 0.003 0.9982 0.945 
6 16 Jun 2002 2.157 0.185 0.003 0.9842 0.432 
7 21 Jul 2001 1.909 0.223 0.020 0.9472 0.403 
8 7 Aug 2001 3.303 0.065 0.001 0.9974 0.102 
9 5 Jan 2002 4.996 0.107 0.024 0.9831 0.903 
10 9 Mar 2002 2.884 0.134 0.006 0.9893 0.104 
11 13 May 2002 3.172 0.168 0.118 0.9632 0.540 
12 30 May 2002 53.682 0.012 0.010 0.9893 0.349 
13 18 Mar 2000 7.721 0.040 0.002 0.9932 0.832 
14 5 Jun 2000 2.788 0.092 0.048 0.9799 0.493 
15 9 Jun 2000 3.966 0.070 0.001 0.9783 0.090 
16 7 Aug 2000 2.047 0.150 0.000 0.9997 0.930 
17 10 Aug 2000 3.512 0.073 0.004 0.9999 0.025 
18 21 Sept 2000 10.229 0.066 0.054 0.9962 0.584 
19 4 Nov 2000 2.474 0.170 0.012 0.9732 0.639 
20 13 Dec 2000 2.273 0.211 0.016 0.9712 0.584 
21 29 Jan 2001 120.934 0.007 0.015 0.9873 0.393 
22 3 Dec 2002 1.924 0.272 0.042 0.9842 0.094 
23 20 May 2003 1.652 0.218 0.030 0.9801 0.953 
24 2 Jun 2003 4.364 0.068 0.029 0.9394 0.3053 
25 17 Jul 2003 1.230 0.337 0.030 0.9594 0.5634 
26 3 Aug 2003 6.921 0.043 0.002 0.9305 0.9532 
27 20 Aug 2003 3.644 0.082 0.009 0.9892 0.145 
28 3 Sept 2003 2.862 0.083 0.016 0.9803 0.594 
 
)(
)(
)(
1
ϕη
η
ηϕ
Γ=
−−
x
ex
xf , ∫=Γ x dxxfx 0 )()(  
In this expression, f(x) represents dimensionless incremental runoff distribution;  
x represents normalized time; )(xΓ represents dimensionless cumulative runoff distribution;  
η is the shape factor and φ is the scale factor.  
∑
=
−=
n
i
ii EOSSE
1
2)(  
SSE – sum of square of error; i = 1, 2,…28; Oi – ith observed value; Ei – ith expected value. 
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Table 2.3b Estimated Parameters of a Gamma Distribution Fitted to Normalized Time 
Distribution of Runoff for 14 Recorded Events in Cincinnati, Ohio 
 
No. Event η  φ SSE R2 p – value 
1 8 Apr 1995 19.162 0.034 0.008 0.9950 0.493 
2 8 Apr 19951 1.553 0.192 0.069 0.9843 0.583 
3 30 Apr 1995 7.453 0.083 0.079 0.9843 0.945 
4 8 Sept 1995 1.104 0.342 0.036 0.9892 0.402 
5 3 Oct 1995 1.358 0.269 0.331 0.9632 0.104 
6 21 May 1996 4.204 0.106 0.001 0.9928 0.096 
7 18 Jun 1996 5.680 0.075 0.183 0.9993 0.739 
8 7 Jul 1996 2.389 0.199 0.049 0.9701 0.490 
9 8 Aug 1996 4.833 0.069 0.009 0.9820 0.934 
10 17 Oct 1996 6.328 0.050 0.072 0.9902 0.782 
11 25 Nov 1996 1.289 0.355 0.080 0.9834 0.584 
12 16 Dec 1996 6.237 0.095 0.010 0.9932 0.598 
13 16 Dec 19962 30.913 0.025 0.008 0.9981 0.843 
14 12 Jun 1997 8.800 0.024 0.011 0.9832 0.798 
 
 
)(
)(
)(
1
ϕη
η
ηϕ
Γ=
−−
x
ex
xf , ∫=Γ x dxxfx 0 )()(  
 
In this expression, f(x) represents dimensionless incremental runoff distribution;  
x represents normalized time; 
)(xΓ represents dimensionless cumulative runoff distribution;  
η is the shape factor and φ is the scale factor. 
 
∑
=
−=
n
i
ii EOSSE
1
2)(  
SSE – sum of square of error; i = 1, 2,…14; Oi – ith observed value; Ei – ith expected 
value 
1the second event on 8 Apr 1995 separated by 102 dry minutes;  
2the second event on 16 Dec 1996 separated by 92 dry minutes. 
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Table 2.4a Hydrologic Data and Selected Indices for 28 Recorded Events in Baton Rouge, 
Louisiana 
 
No. Event 
Duration 
DT  
(min) 
Volume 
TV 
(L) 
η φ 
Previous 
Dry Hour 
PDH (hr) 
Stream 
Power 
Pu (W/m2) 
 
1 31 May 2001 44 360.5 1.0169 0.2547 50 2.26E-07 
2 27 Jun 2001 29 644.9 6.2676 0.0705 18 6.14E-07 
3 19 Jan 2002 106 149.1 1.4684 0.2047 5 3.88E-08 
4 24 Jan 2002 18 132.8 2.8957 0.1605 68 2.04E-07 
5 11 Apr 2002 22 53.4 2.1123 0.1767 68 6.69E-08 
6 16 Jun 2002 29 50.8 2.1570 0.1853 188 4.84E-08 
7 21 Jul 2001 51 8377.3 1.9086 0.2226 198 4.53E-06 
8 7 Aug 2001 34 2971.5 3.3032 0.0652 18 2.41E-06 
9 5 Jan 2002 291 10643.2 4.9959 0.1068 68 1.01E-06 
10 9 Mar 2002 24 769.6 2.8836 0.1337 172 8.85E-07 
11 13 May 2002 38 1958.8 3.1720 0.1676 758 1.42E-06 
12 30 May 2002 148 7202.7 53.6821 0.0118 306 1.34E-06 
13 18 Mar 2000 46 1444.7 7.7214 0.0404 70 8.67E-07 
14 5 Jun 2000 174 241.7 2.7882 0.0924 720 3.83E-08 
15 9 Jun 2000 29 341.8 3.9661 0.0702 110 3.25E-07 
16 7 Aug 2000 24 9.3 2.0474 0.1504 106 1.07E-08 
17 10 Aug 2000 37 2557.5 3.5124 0.0732 70 1.91E-06 
18 21 Sept 2000 209 4207.1 10.2291 0.0658 190 5.55E-07 
19 4 Nov 2000 53 618.3 2.4737 0.1702 750 3.22E-07 
20 13 Dec 2000 74 9092.5 2.2731 0.2110 170 3.39E-06 
21 29 Jan 2001 168 3913.0 120.9340 0.0068 236 6.43E-07 
22 3 Dec 2002 57 225.0 1.9240 0.2719 79 1.09E-07 
23 20 May 2003 73 3683.1 1.6521 0.2182 63 1.39E-06 
24 2 Jun 2003 56 452.6 4.3636 0.0681 169 2.23E-07 
25 17 Jul 2003 121 5461.8 1.2304 0.3367 70 1.25E-06 
26 3 Aug 2003 26 964.5 6.9207 0.0430 191 1.02E-06 
27 20 Aug 2003 79 3444.5 3.6437 0.0824 197 1.20E-06 
28 3 Sept 2003 37 1459.4 2.8617 0.0831 51 1.09E-06 
 
 
η and φ – Parameters of normalized cumulative hydrograph fitted to Gamma distribution. 
)(
)(
)(
1
ϕη
η
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xf , ∫=Γ x dxxfx 0 )()(  
In this expression, f(x) represents dimensionless incremental runoff distribution;  
x represents normalized time; )(xΓ represents dimensionless cumulative runoff distribution;  
η is the shape factor and φ is the scale factor. 
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Table 2.4b Hydrologic Data and Selected Indices for 14 Recorded Events in Cincinnati, 
Ohio 
 
No. Event 
Duration 
DT  
(min) 
Volume 
TV 
(L) 
η φ 
Previous 
Dry Hour 
PDH (hr) 
Stream 
Power 
Pu (W/m2) 
 
1 8 Apr 1995 30 143.0 19.1617 0.0339 120 1.06E-07 
2 8 Apr 19951 169 5579.3 1.5530 0.1916 1.7 7.34E-07 
3 30 Apr 1995 92 246.3 7.4530 0.0828 96 5.95E-08 
4 8 Sept 1995 226 550.7 1.1045 0.3420 480 5.42E-08 
5 3 Oct 1995 401 1993.0 1.3584 0.2693 216 1.10E-07 
6 21 May 1996 10 65.8 4.2042 0.1059 128 1.46E-07 
7 18 Jun 1996 68 2793.5 5.6797 0.0752 73 9.13E-07 
8 7 Jul 1996 53 9853.1 2.3891 0.1991 117 4.13E-06 
9 8 Aug 1996 42 3875.3 4.8327 0.0693 216 2.05E-06 
10 17 Oct 1996 602 2759.7 6.3276 0.0500 182 1.02E-07 
11 25 Nov 1996 146 245.0 1.2888 0.3553 93 3.73E-08 
12 16 Dec 1996 71 105.8 6.2367 0.0946 96 3.31E-08 
13 16 Dec 19962 163 196.4 30.9128 0.0246 1.533 2.68E-08 
14 12 Jun 1997 55 476.2 8.8003 0.0236 90 1.92E-07 
 
 
η and φ – Parameters of normalized cumulative hydrograph fitted to Gamma distribution. 
)(
)(
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In this expression, f(x) represents dimensionless incremental runoff distribution;  
x represents normalized time; 
)(xΓ represents dimensionless cumulative runoff distribution;  
η is the shape factor and φ is the scale factor. 
 
1the second event on 8 Apr 1995 separated by 102 dry minutes;  
2the second event on 16 Dec 1996 separated by 92 dry minutes. 
 
 
 
 
  35
For a given storm event, the logarithm of odd-ratio for a flow-limited event is: 
       PDHPTVDT
p
ppLogit u 6543210)1
log()( βϕβηβββββ ++++++=−=       (19) 
In the expression, β0, β1, β2, β3, β4, β5 and β6 are logistic regression coefficients; p is the 
probability of a rainfall-runoff event being classified into flow-limited.  Therefore for a 
given storm event the probability for a flow-limited event is defined as: 
P (flow-limited) = )(
)(
1 pLogit
pLogit
e
e
+                                (20) 
For a given storm event the probability for a mass-limited event is given in the 
following equation. 
    P (mass-limited) = 1 – P (flow-limited)                           (21) 
 For an event, 6 regression models were derived for 6 constituents (SSC, VSSC, 
TDS, CODT, CODd, and CODp) indices.  For each index the event is assigned to the 
group (mass-limited or flow-limited) with higher probability.  Results are listed in Table 
2.1 and 2.2.  
Discriminant Analysis 
Linear discriminant analysis was performed for the 28 events in Baton Rouge site 
and 14 events in Cincinnati site, respectively.  The response Y was either mass-limited or 
flow-limited.  The independent variables include runoff duration (DT), runoff total 
volume (TV), stream power (Pu), previous dry hour (PDH) and hydrograph time 
distribution parameters (Parameter φ and η in Gamma distribution).  
For a given storm event, the discriminate score for a flow-limited event is: 
    Score (Flow-limited) PDHPTVDT u 6543210 αϕαηααααα ++++++=    (22) 
In the expression, α0, α1, α2, α3, α4, α5 and α6 are linear discriminant coefficients. 
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For a given storm event, the discriminate score for a mass-limited event is: 
    Score (Mass-limited) PDHPTVDT u 6543210 βϕβηβββββ ++++++=    (23) 
In the expression, β0, β1, β2, β3, β4, β5 and β6 are linear discriminant coefficients. 
 For a given event, six different regression models would be derived for six 
constituents (SSC, VSSC, TDS, CODT, CODd, and CODp).  For each constituent, the 
event would be assigned to the group (mass-limited or flow-limited) with higher score.  
The classification results are shown in Table 2.1 and Table 2.2.  Results indicate that both 
logistic regression and linear discriminant analysis approach are feasible in differentiation 
of mass delivery in rainfall-runoff events for small urban watersheds.  Most events for 
most constituents are mass-limited for both sites.  
Generalized Differentiation Criteria for Prediction 
In addition to classifying rainfall-runoff events separately for the Baton Rouge 
and Cincinnati sites, analysis of covariance in Logistic Regression was performed for all 
of the 42 events from the two sites combined.  In addition to previous dry hour (PDH), 
runoff duration (DT), runoff total volume (TV), stream power Pu, and hydrograph time 
distribution parameters (Parameter φ and η in Gamma distribution), a dummy variable 
“Group” was added into the model to generalize differentiation criteria for prediction at 
both sites.  Since there is no significant interaction between the dummy variable “Group” 
and other continuous variables, proved by SAS output, the Logistic Regression lines from 
the two sites are parallel but with different intercepts.  Results indicate that the 
classification rules derived from both sites are still feasible in differentiation of mass 
delivery for small urban watersheds as shown in Table 2.5. 
Multiple Linear Regression on Mass Delivery Coefficients 
In spite of the complexity of the physical phenomena involved, factors explaining 
the variations of the coefficients k1 and M0 in Equation (4) and k0 in Equation (8) require  
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Table 2.5 Classification Results Based on Generalized Classification Rules Combining 
All Sites Data 
 
SSC VSSC TDSNo. Site Event 
Criteria LR Criteria LR Criteria LR 
1 31 May 2001 M M M F F F 
2 27 Jun 2001 M M M M M M 
3 19 Jan 2002 M M F F M M 
4 24 Jan 2002 F F F M M M 
5 11 Apr 2002 M F M M M M 
6 16 Jun 2002 M M M M M M 
7 21 Jul 2001 M M M M M M 
8 7 Aug 2001 M M M M M M 
9 5 Jan 2002 M M M M M M 
10 9 Mar 2002 M M M M M M 
11 13 May 2002 M M M M M M 
12 30 May 2002 M M M M M M 
13 18 Mar 2000 M M M M / / 
14 5 Jun 2000 M M M M M M 
15 9 Jun 2000 M M M M M M 
16 7 Aug 2000 F M F M M M 
17 10 Aug 2000 M M M M M M 
18 21 Sept 2000 M M M M M M 
19 4 Nov 2000 M M M M M M 
20 13 Dec 2000 M M M M M M 
21 29 Jan 2001 M M M M M M 
22 3 Dec 2002 F F M F M F 
23 20 May 2003 M M F M M M 
24 2 Jun 2003 M M M M M M 
25 17 Jul 2003 M M F F F M 
26 3 Aug 2003 M M M M M M 
27 20 Aug 2003 M M M M M M 
28 
Baton Rouge 
3 Sept 2003 M M / / / / 
29 8 Apr 1995 M M M M M M 
30 8 Apr 1995 M M M M M M 
31 30 Apr 1995 M M M M M M 
32 8 Sept 1995 M M M M M M 
33 3 Oct 1995 M M M M M M 
34 21 May 1996 F F F M F F 
35 18 Jun 1996 M M M M M M 
36 7 Jul 1996 M M M M M M 
37 8 Aug 1996 M M M M M M 
38 17 Oct 1996 M M M M M M 
39 25 Nov 1996 F F F F F F 
40 16 Dec 1996 M M M M F M 
41 16 Dec 19963 F F F M F F 
42 
Cincinnati 
12 Jun 1997 M M M M M M 
Classification Accuracy / 95% / 83% / 93% 
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investigation for other land uses and other databases.  The factors include runoff volume 
(TV), duration (DT), time distribution of the hydrograph (φ and η in Gamma distribution), 
stream power (Pu), and previous dry hours (PDH).  Statistical multi-regression 
approaches were used to develop the relationship between k1 and M0 values and those 
factors.  The estimated values of the parameter k1 and M0 varied between events.  
Multiple linear regression for k1 and M0 was performed for the two sites separately and 
results shown in Figure 2.4 and 2.5.  The solid line represents a perfect prediction and the 
distance of the predicted point away from the line is a measure of prediction error.  
Results indicate a reasonable prediction capability.  Analysis of covariance was 
performed on k1 and M0 for each site.  Results indicate the site regression lines are 
parallel but with different intercepts.  Results classification rules derived from both sites 
are feasible in differentiation of mass delivery for small urban watersheds as shown in 
Figure 2.6. 
Reliability and Uncertainty Analysis  
The distributions of the estimates of φ and η for 28 rainfall-runoff events for 
Baton Rouge, LA site were illustrated in Figure 2.7.  Beta is normally distributed and the 
normality assumption for beta is valid.  The situation for alpha is more complicated.  The 
distribution of alpha head is neither normal nor exponential or any other distributions.  
Larger database would provide more information about how alpha is distributed.  
Logistic Regression and Discriminant Analysis 
To investigate the uncertainty possibly introduced by the estimation errors, two 
models were simulated in all of which response variables are categorical variables of 
either flow-limited or mass-limited events for logistic regression and discriminant 
analysis.  Model 1 is the simpler one with the estimates of φ and η, while Model 2 
investigates the uncertainty that may be introduced by the parameter estimation of 
hydrograph time distribution, as shown below. 
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Figure 2.4a Multiple Linear Regression for Parameter First-Order k1 for Mass-Limited 
Events in Baton Rouge, Louisiana 
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Parameter is the first-order k1 in )1( 10 T
Vk
T eMM
−−=∆ . ∆MT is the cumulative constituent mass 
delivered [M]; VT is the cumulative volume [L3]; M0 is the constituent mass on the surface at the 
beginning of the rainfall-runoff event [M]; k1 is the first-order coefficient [L-3], physically 
indicating the mass decrease rate for unit flow rate and unit constituent mass remaining on the 
watershed surface; β0, β1, …., β5, β6 are regression coefficients; DT is event duration [T]; TV is 
total runoff volume [L3]; PDH is previous dry hour [hr]; η and φ are parameters in hydrograph 
time distribution; Pu is the stream power [MT-2]. 
SSC – suspended sediment concentration; VSSC – volatile suspended sediment concentration; 
TDS - total dissolved solids; CODT - total chemical oxygen demand; CODd - dissolved chemical 
oxygen demand; CODp -  particulate chemical oxygen demand, difference between total chemical 
oxygen demand (CODT) and dissolved chemical oxygen demand (CODd). 
Each data point represents a single event. Events classified as mass-limited in Baton Rouge site 
are plotted here.  
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Figure 2.4b Multiple Linear Regression for Parameter First-Order k1 for Mass-Limited 
Events in Cincinnati, Ohio 
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Parameter is the first-order k1 in )1( 10 T
Vk
T eMM
−−=∆ . ∆MT is the cumulative constituent mass 
delivered [M]; VT is the cumulative volume [L3]; M0 is the constituent mass on the surface at the 
beginning of the rainfall-runoff event [M]; k1 is the first-order coefficient [L-3], physically 
indicating the mass decrease rate for unit flow rate and unit constituent mass remaining on the 
watershed surface; β0’, β1’, …., β5’, β6’ are regression coefficients; DT is event duration [T]; TV is 
total runoff volume [L3]; PDH is previous dry hour [hr]; η and φ are parameters in hydrograph 
time distribution; ; Pu is the stream power [MT-2]. 
SSC – suspended sediment concentration; VSSC – volatile suspended sediment concentration; 
TDS - total dissolved solids. 
Each data point represents a single event. Events classified as mass-limited in Cincinnati site are 
plotted here.  
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Figure 2.5a Multiple Linear Regression for Parameter M0 for Mass-Limited Events in 
Baton Rouge, Louisiana 
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Parameter is M0 in )1( 10 T
Vk
T eMM
−−=∆ . ∆MT is the cumulative constituent mass delivered [M]; 
VT is the cumulative volume [L3]; M0 is the constituent mass on the surface at the beginning of the 
rainfall-runoff event [M]; k1 is the first-order coefficient [L-3], physically indicating the mass 
decrease rate for unit flow rate and unit constituent mass remaining on the watershed surface; β0’, 
β1’, …., β5’ are regression coefficients; DT is event duration [T]; TV is total runoff volume [L3]; 
PDH is previous dry hour [hr]; η and φ are parameters in hydrograph time distribution. 
SSC – suspended sediment concentration; VSSC – volatile suspended sediment concentration; 
TDS - total dissolved solids; CODT - total chemical oxygen demand; CODd - dissolved chemical 
oxygen demand; CODp -  particulate chemical oxygen demand, difference between total chemical 
oxygen demand (CODT) and dissolved chemical oxygen demand (CODd). 
Each data point represents a single event. Events classified as mass-limited in Baton Rouge site 
are plotted here. 
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Figure 2.5b Multiple Linear Regression for Parameter M0 for Mass-Limited Events in 
Cincinnati, Ohio 
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Parameter is M0 in )1( 10 T
Vk
T eMM
−−=∆ . ∆MT is the cumulative constituent mass delivered [M]; 
VT is the cumulative volume [L3]; M0 is the constituent mass on the surface at the beginning of the 
rainfall-runoff event [M]; k1 is the first-order coefficient [L-3], physically indicating the mass 
decrease rate for unit flow rate and unit constituent mass remaining on the watershed surface; β0’, 
β1’, …., β5’ are regression coefficients; DT is event duration [T]; TV is total runoff volume [L3]; 
PDH is previous dry hour [hr]; η and φ are parameters in hydrograph time distribution. 
SSC – suspended sediment concentration; VSSC – volatile suspended sediment concentration; 
TDS - total dissolved solids; CODT - total chemical oxygen demand; CODd - dissolved chemical 
oxygen demand; CODp -  particulate chemical oxygen demand, difference between total chemical 
oxygen demand (CODT) and dissolved chemical oxygen demand (CODd). 
Each data point represents a single event. Events classified as mass-limited in Baton Rouge site 
are plotted here. 
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Figure 2.6a Multiple Linear Regression for Parameter First-Order k1 for Mass-Limited 
Events for Both Baton Rouge and Cincinnati Sites 
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Parameter is the first-order k1 in )1( 10 T
Vk
T eMM
−−=∆ . ∆MT is the cumulative constituent mass 
delivered [M]; VT is the cumulative volume [L3]; M0 is the constituent mass on the surface at the 
beginning of the rainfall-runoff event [M]; k1 is the first-order coefficient [L-3], physically 
indicating the mass decrease rate for unit flow rate and unit constituent mass remaining on the 
watershed surface; β0, β1, …., β5, β6 are regression coefficients; DT is event duration [T]; TV is 
total runoff volume [L3]; PDH is previous dry hour [hr]; η and φ are parameters in hydrograph 
time distribution; Pu is the stream power [MT-2]. 
SSC – suspended sediment concentration; VSSC – volatile suspended sediment concentration; 
TDS - total dissolved solids; CODT - total chemical oxygen demand; CODd - dissolved chemical 
oxygen demand; CODp -  particulate chemical oxygen demand, difference between total chemical 
oxygen demand (CODT) and dissolved chemical oxygen demand (CODd). 
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Figure 2.6b Multiple Linear Regression for Parameter M0 for Mass-Limited Events for 
Both Baton Rouge and Cincinnati Sites 
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Parameter is M0 in )1( 10 T
Vk
T eMM
−−=∆ . ∆MT is the cumulative constituent mass delivered [M]; 
VT is the cumulative volume [L3]; M0 is the constituent mass on the surface at the beginning of the 
rainfall-runoff event [M]; k1 is the first-order coefficient [L-3], physically indicating the mass 
decrease rate for unit flow rate and unit constituent mass remaining on the watershed surface; β0’, 
β1’, …., β5’ are regression coefficients; DT is event duration [T]; TV is total runoff volume [L3]; 
PDH is previous dry hour [hr]; η and φ are parameters in hydrograph time distribution. 
SSC – suspended sediment concentration; VSSC – volatile suspended sediment concentration; 
TDS - total dissolved solids; CODT - total chemical oxygen demand; CODd - dissolved chemical 
oxygen demand; CODp -  particulate chemical oxygen demand, difference between total chemical 
oxygen demand (CODT) and dissolved chemical oxygen demand (CODd). 
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Figure 2.7 Normality Test for η and φ 
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In this expression, f(x) represents normalized incremental runoff volume, determined by 
TV
Vi∆ ;  
x represents normalized time, determined by 
TV
Vi∆ ; )(xΓ represents normalized cumulative 
runoff volume, determined by 
TV
VTi ; i = 1, 2,…, m; iV∆   is the incremental runoff volume of ith 
time interval; TV is the total runoff volume of the entire event; TiV  is the cumulative runoff 
volume till ith time interval; i = 1, 2,…, m; m is the number of increments; η is the shape factor 
and φ is the scale factor. 
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Model 1:                 )ˆ,ˆ,,,,( ηϕPDHPDTTVfY u= .                             (24) 
Model 2:                     ),,,,,( ηϕPDHPDTTVfY u=                                (25) 
In the expression, ϕˆ  and ηˆ  are the mean estimates; φ and η are the simulated time 
distribution parameters for normalized hydrograph, using the following SAS code. 
φ = φ_mean+sqrt(φ_sig)*rannor(seed1)                                       (26) 
η = η_mean+sqrt(η_sig)*rannor(seed1)                                       (27) 
Among the 28 rainfall-runoff events, 17 of them are used for calibration while the 
rest 11 of them are used for verification.  Since 3 of them are classified into flow-limited 
and 25 of them are classified into mass-limited, the 17 calibration events are composed of 
2 out of 3 flow-limited events and 15 out of mass-limited event, achieved by Proc 
Surveyselect.  Classification accuracy is defined as the ratio of number of correctly 
classified events over the total classified event.  Both calibration and verification 
classification accuracies were calculated for each model and shown in Figure 2.8.  It can 
be concluded that the effect of uncertainty introduced by parameter estimation of φ and η 
is not significant for Logistic Regression, but significant for Discriminant Analysis. 
Multiple Regression 
To investigate the uncertainty possibly introduced by the estimation errors, two 
models are simulated as follows.  The models are similar to those in Logistic Regression 
and Discriminant Analysis, except that the response variables are k1 and M0 in Equation 
(8) instead of categorical variables. 
Model 1:       )ˆ,ˆ,,,,( ηϕ LogLogLogPLogPDHLogDTLogTVfY u=                (28) 
Model 2:       ),,,,,( ηϕ LogLogLogPLogPDHLogDTLogTVfY u=                (29) 
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Figure 2.8 Calibration and Verification Accuracy for Logistic Regression and 
Discriminant Analysis (Simulation 1000 times) 
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In the expression, ϕˆ  and ηˆ  are the mean estimates; φ and η are simulated time 
distribution parameters for normalized hydrograph; Y is a continuous variable, M0 or k1.  
M0 is the constituent mass on the surface at the beginning of the rainfall-runoff event [M]; 
and k1 is first-order coefficient [L-3]. 
Among the 28 rainfall-runoff events, 25 of them are classified as mass-limited. In 
this procedure, calibration and verification are not necessary.  R2 was utilized to indicate 
the feasibility of the models.  The results as shown in Figure 2.9 indicate that the effect of 
uncertainty introduced by parameter estimation of φ and η is not significant. 
 CONCLUSIONS AND DISCUSSIONS 
The mass transport characteristics of 28 rainfall-runoff events at a 544-m2 paved 
urban Baton Rouge watershed and 14 events at a similar 300-m2 Cincinnati watershed 
were investigated.  A mathematic and physically-based differentiation criterion was 
derived to define storm events as either mass-limited or flow-limited events, according to 
the pattern of cumulative mass vs. cumulative volume curves.  Mass-limited events 
occurred when the cumulative mass versus cumulative volume curve follows an 
exponential pattern, while flow-limited events are identified by a linear pattern.  
Two statistical approaches – logistic regression and linear discriminant analysis 
were applied to derive decision rules for mass-limited versus flow-limited events 
differentiation and achieved satisfactory classification accuracy.  Multiple linear 
regression technique was performed to find out the relationship between hydrology data 
and mass delivery parameters (k1 and M0) in mass-limited events.  Analysis of covariance 
technique was feasible to generalize differentiation criteria and multiple regression results 
from the two experimental sites.  Statistical techniques provide promising methodologies  
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Figure 2.9 Simulation Results for Multiple Regression (Simulation 1000 times) 
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for mass delivery differentiation based only on hydrology.  Dimensionless cumulative 
hydrographs were successfully modeled using a gamma distribution.  Results from 
uncertainty analysis indicate that categorical analysis techniques such as logistic 
regression and discriminant analysis are suitable for this project.  The hydrograph time 
distribution parameters φ and η are critical for both the classification and multiple 
regression procedures.  The uncertainty introduced by the estimation of φ and η was 
found not to be significant for Logistic Regression but significant for Discriminant 
Analysis.  For Multiple Regression, the effect of uncertainty introduced by the parameter 
estimation of hydrograph time distribution is not significant.  The methodology derived 
here should be applicable for other sites.  
NOMENCLATURE 
 
CBFF  :  concentration-based first flush; 
EMC  :  event mean concentration [ML-3]; 
MBFF  :  mass-based first flush; 
SSC  :  suspended sediment concentration [ML-3]; 
VSSC  :  volatile suspended sediment concentration [ML-3];  
TDS   :  total dissolved solids [ML-3];   
CODT  :  total chemical oxygen demand [ML-3]; 
CODd  :  dissolved chemical oxygen demand [ML-3]; 
CODp  :  particulate chemical oxygen demand [ML-3]; 
TM∆   :  cumulative washed off mass of a constituent [M]; 
TV   :  cumulative volume of runoff [L
3]; 
ω  :  exponential coefficient in the first flush formula ωTT VM =∆ proposed  
                            by Bertrand et al. 1998; 
PND  :  particle number density; 
VPV ratio :  vehicles per volume ratio; 
Pu  :  stream power for unit watershed area [W/m2]; 
APHA  :  American Public Health Association; 
M  : constituent mass remaining on the watershed [M];  
K  : wash-off coefficient [T-1];  
T  :  time [T]; 
Q  :  runoff flow rate [L3T-1];  
k1   :  first order coefficient [L-3]; 
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M0  :  constituent mass on the surface at the beginning of the rainfall-runoff 
event [M]; 
k0   :  zero-order coefficient [ML-3]; 
γw  :  specific weight of water, which is assumed as 1 [N/m3];  
ms   :  pavement slope;  
W  :  watershed width [L]; 
SSE  :  sum of squared errors; 
βL0, βL1, …, βLn :logistic regression coefficients;  
x1, x2, …, xn  :  predictor variables;  
n  :  number of predictor of variables; 
Pi   :  probability that ith observation is in group I, i = 1, 2, …n; 
D  :  dicriminant score;  
βD0, βD1, …, βDn:discriminant function coefficients; 
PDH  :  previous dry hour [T]; 
DT  :  runoff duration [T]; 
TV  :  runoff total volume [L3]; 
φ and η  : parameters in Gamma distribution
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)(xΓ   :  cumulative Gamma runoff distribution defined as ∫=Γ x dxxfx 0 )()( . 
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CHAPTER 3. TRANSPORT MODELING OF NON-COHESIVE PARTICULATE 
MATTER BY OVERLAND FLOW IN SMALL IMPERVIOUS URBAN 
WATERSHEDS: A LUMPED SYSTEM APPROACH 
 
SUMMARY 
Significant loads of anthropogenic particulate matter encompassing a wide 
particle gradation are transported from urban surfaces during rainfall-runoff events.  A 
mathematical model was developed for non-cohesive and non-colloidal particulate matter 
transported from small impervious urban watersheds in overland flow during rainfall-
runoff events.  The paved watershed was assumed as a lumped system and the transport 
model simulated the particulate matter wash-off process from the surface during rainfall-
runoff events.  A semi-physical wash off pollutograph model incorporating shear stress 
equations and rain drop effects was developed.  A Nash-Sutcliffe coefficient R2 response 
surface was utilized to identify model parameters.  Transport model results were 
examined using a common index size (d50) for the gradation and a complete particle size 
distribution (PSD).  The feasibility of the model was demonstrated by rainfall-runoff data 
recorded at two similar imperious urban watersheds, one in Baton Rouge, LA (544-m2) 
and the other in Cincinnati, OH (300-m2).  Comparison between measured and simulated 
hydrographs and pollutographs for both watersheds demonstrated model applicability.  
Modeled pollutographs incorporating particle size distributions (PSD) provided a more 
accurate representation of measured transport as compared to results based on a d50. 
INTRODUCTION 
Discharge of particulate matter from non-point sources such as agricultural and 
urban land uses have been gradually recognized as major causes of pollution of surface 
waters over the last several decades (Akan 2000).  Rainfall-runoff (stormwater) is 
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reported as a leading cause of impairment to nearly 40% of U.S. water bodies which do 
not meet water quality standards (USEPA 1996).  Since the inception of the 1972 Clean 
Water Act specific pollutant loads transported in rainfall-runoff has been shown to be 
significantly higher than from secondary domestic sewage effluent (Cordery 1977).  The 
adverse effects of urban rainfall-runoff from various urban land uses have received 
extensive attention because of the wide range of pollutants and magnitude of loads such 
as particulate matter and heavy metals transported to receiving waters (Deletic 1997).  
Mitigation of these discharges (either through non-structural practices or unit operations 
and processes) and the commensurate attainment of water quality and quantity goals 
require a better understanding and simulation of particulate matter transport in rainfall-
runoff.    
The rainfall-runoff process is a complex, dynamic and nonlinear process, which is 
influenced by many and often inter-related physical factors.  The influence of these 
factors and many of their combinations in generating runoff and associated particulate 
matter is a complex physical process and is still not fully understood (Zhang and 
Govindaraju 2000; Jain and Indurthy 2003).  Efforts have been made to describe and 
model such processes.  These models can be categorized into three groups according to 
different standpoints: deterministic, conceptual or probabilistic (Bertrand-Krajewski et al. 
1993; Deletic 1997).  With respect to urban watersheds it is generally accepted that there 
is no single completely deterministic model that is readily adaptable for urban hydrology 
due to the complexity of the washoff processes (Deletic 1997; Bertrand-Krajewski et al. 
1993).  Most of these deterministic models developed for soil erosion in agricultural or 
rural land uses are not easily adaptable for urban hydrology.  On the other hand, 
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conceptual storm water quality models such as SWMM, FLUPOL, NPS and STORM 
have been widely used in practice (Price and Mance 1978; Bertrand-Krajewski et al. 1993; 
Tsihrintzis and Hamid 1998).  While these models have been widely applied and 
accepted, especially for complex urban drainage systems, these models do not account for 
the complex transport processes and constitutive relationships of urban particulate 
gradations transported in rainfall-runoff.  While these models represent the best state of 
the practice many of these models contain a large number of parameters to calibrate, 
require large amounts of data for calibration and validation, can be computationally 
extensive, and may not be applicable for upper-watershed processes such as overland 
flow particulate transport.  There are also statistical models which consider the watershed 
as a black box and use statistical techniques such as simple regression to analyze data.  
(Brezonik and Stadelmann 2002; Jain and Indurthy 2003).  The limitation of statistical 
models lies in that they can only assess event mean and sometimes event maximum 
concentrations, but not pollutographs during storm events (Deletic 1997).  Recently 
artificial neural networks (ANNs) have been proposed as efficient tools for modeling and 
prediction in hydrology, as blackbox models (Wilby et al. 2003).  Jain and Indurthy 
(2003) found that ANN models consistently outperformed conventional deterministic and 
statistical models and provided a better representation of an event-based rainfall-runoff 
process in general, and in particular better prediction of peak discharge and time to peak 
discharge.  
More research is still required for the development and refinement in each class of 
these models to facilitate an improved understanding of the entire transport process and 
the prediction of loading characteristics to receiving waters or control strategies.  In this 
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study, a semi-deterministic-conceptual model, which incorporated both deterministic and 
conceptual components, was developed for particulate matter overland flow transport 
processes for small urban paved watersheds.  The feasibility of the proposed model was 
verified by measured hydrologic and pollutograph data. 
OBJECTIVES 
There were three major objectives of this study.  The first objective was to 
develop and calibrate a rainfall-runoff hydrologic model for overland flow from two 
small paved urban watersheds of similar geometry, loadings and surface characteristics.  
The second objective was to develop and calibrate a semi-deterministic-conceptual model 
to simulate particulate matter transported in rainfall-runoff overland flow.  The third 
objective was to develop a modified deterministic-conceptual model that incorporated 
permitted inputs for the granulometric characteristics of overland flow particulate matter.  
The influence of these granulometric characteristics on the prediction capabilities of the 
model was examined.   
METHODOLOGY 
Instrumented Watersheds 
Hydrologic and particulate matter transport data were collected from two similar 
small urban watersheds.  Flow collected from both watersheds was overland sheet flow.  
Overland flow generated from the watershed was collected in a trough that ran the full 
width of the watershed and samples were manually taken and measured at a closely-
spaced time intervals throughout the duration of each event.  The entire cross-section of 
flow was sampled and two replicate samples were taken at each time interval (typically 
every 2 to 5 minutes).  A site tipping bucket rain gage and data-logger collected rain data 
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in increments of 0.01 inches at each site.  A calibrated Parshall flume with a 70kHz 
sensor and data logger were used to collect flow depth data at 1 minute intervals 
throughout the duration of each event at each watershed. 
One of the instrumented watersheds was located in urban Baton Rouge, Louisiana.  
This concrete-paved watershed was 44.6-m long, 12.2-m wide, with a total contributing 
area of 544-m2.  The paved catchment slope was 2.0%.  After sampling, flow was routed 
to several 2200-L settling basins for storage, volume balances and eventual 
characterization of particulate matter.  The average annual daily traffic volume (ADT) for 
the eastbound I-10 lanes was 70,400 vehicles (Hird 2001).  Mean annual precipitation at 
the site is 1460 mm/year.  A similar small urban site was located in urban Cincinnati, 
Ohio.  This asphalt-paved watershed was 20-m long, 15-m wide, with a total contributing 
area of 300-m2.  The paved catchment slope was 2.0%.  After sampling, flow was routed 
to a settling basin for storage, volume balances and eventual characterization of 
particulate matter.  The average annual daily traffic volume (ADT) for the southbound I-
75 lanes was 115,000 passenger vehicles and 15,000 commercial vehicles (Sansalone and 
Buchberger 1997).  Cincinnati receives on average 1,020 mm of rainfall and 420 mm of 
snow per year (Sansalone and Buchberger 1997).  Detailed descriptions of the 
experimental system can be found elsewhere (Sansalone and Buchberger 1997; Sansalone 
et al 1998).  Figure 3.1 contains the schematic plan views of both watersheds utilized in 
this study. 
Rainfall-Runoff Sampling and Quality Analysis  
The volume of each sample was 1-L when characterizing pollutographs in terms 
of gross particulate matter indices such as suspended sediment concentration (SSC) or up  
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Figure 3.1 Plan View of Experimental Sites (not to scale NTS) 
 
a. Site in urban Baton Rouge, Louisiana. Runoff is generated from a 544-m2 section of 
PCC pavement and collected from the lower expansion joint. The pavement 
catchment is 12.2-m wide by 44.6-m long, with a tangential slope of 2.02%. Arrows 
indicate the direction of flow. All flow is captured from the lower expansion joint and 
catch basin.  
 
b. Site in urban Cincinnati, Ohio. Runoff generated from a 300-m2 section of asphalt 
pavement is collected at the edge of the pavement. The pavement catchment is 20-m 
wide by 15-m long, with a transverse slope of 2% across the length of the pavement 
and a longitudinal slope of 0.04%. Arrows indicate the direction of flow. All flow is 
captured from the 300-m2 area at the edge of the pavement in an epoxy-coated flume.  
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to 12-L when characterizing particulate matter gradations based on suspended (< 25 µm), 
settleable (25 – 75 µm) and sediment (> 75 µm) fractions.  Samples were transported to 
the laboratory for water quality analysis within 6 hours of sampling (generally less than 2 
hours).  A minimum of 15 to 20 replicate sample pairs were collected for each event. 
Suspended sediment concentrations (SSC) were analyzed for each sample according to 
the methods proposed by Gray (Gray et al. 2000).  Detailed descriptions of data 
collection, results, hydrology and analytical methods and quality assurance can be found 
elsewhere (Sansalone and Buchberger 1997; Sansalone et al 1998). 
Development of Lumped Parameter Model  
A semi-deterministic-conceptual simulation model was developed to give detailed 
insight into flow and particulate matter mass delivery by rainfall-runoff from small paved 
impervious watersheds.  Model parameters were calibrated from measured hydrologic 
and particulate matter data in Baton Rouge, LA.  The hydrologic model consisted of two 
components.  The first component was the hydrology and hydraulics model to simulate 
the surface runoff rates from the watershed surface.  The second component was the 
transport model utilized to simulate the transport of particulate matter by rainfall-runoff.  
 The watershed was assumed to be a lumped system, indicating that hydrologic 
and particulate matter indices were assumed to be a function of time only.  The 
assumption of a lumped parameter system introduces some simplification to the actual 
transport process.  However, this simplifying assumption is reasonable for small 
watersheds of simple geometry and overland flow where watershed characteristics are 
relatively homogeneous.  Even for larger and more complex watersheds, simulation 
models based on a lumped system assumption are still commonly and successfully 
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utilized in first-order analyses although such a representation is typically less physically 
accurate.  
Overland Flow Model  
1. Depression Storage  
Depression storage cannot be easily measured directly.  Hydrologic data from the 
watersheds in this study were used to provide estimate of depression storage based on the 
following water-balance model (Kidd 1978): 
                                                   )(* 0hVPRA
V
q rain
runoff −==                                       (1) 
In this expression, q is the runoff volume for unit area [L]; Vrunoff is the runoff volume 
[L3]; Vrain is the rainfall volume [L]; h0 is the depression storage [L]; A is the watershed 
area [L2]; PR is the proportional runoff [dimensionless], or namely, runoff coefficient.   
Values of Vrunoff and Vrain were determined from the watershed data and values of 
q were plotted against Vrain.  If a linear regression line is generated according to the plot, 
the estimation of h0 would be the intercept of the regression line on the Vrain axis.   
2. Surface Routing Model 
Flow routing was modeled using a lumped-parameter hydrologic approach.  A 
non-linear reservoir was used which has been shown to provide a satisfactory synthesis of 
surface water flow routing (Kidd 1978).  The basic routing model utilized was based on 
the integral equation of continuity of rainfall-runoff events for a unit watershed area 
(Chow et al. 1988; Kidd 1978):  
    qi
dt
ds −= ψ                                                              (2)    
In the expression, s is the storage for a unit watershed surface area [L]; ψ is the 
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volumetric runoff coefficient [dimensionless], which can be defined as a measure of the 
amount of rainfall that is converted to runoff; i is the rainfall intensity [LT-1]; q is the 
runoff from a unit watershed surface area [LT-1].  It has been shown that for simplicity, 
the relationship between the unit storage s and the unit runoff flow rate q follows a power 
law function (Price and Mance 1978).  
     snsqKs =                                                              (3) 
In the expression, Ks is the storage constant and ns is the non-linearity parameter 
[dimensionless].  
 It can be deduced that the unit storage volume is equivalent to the water depth h 
[L], and therefore the total storage AhS =  and the total flow rate AqQ = . Combining 
(2) and (3),  
              ss nns hKidt
dh /1/1−−= ψ                                                   (4) 
 For nonzero value of input i and for general values of the exponent ns, the above 
equations have no closed-form analytical solution.  However the equation may be solved 
by a number of techniques, such as a finite-difference approach, an iterative procedure, a 
Runge-Kutta solution or a Varied Flow Function approach (Kidd 1976).  An implicit 
finite-difference scheme is employed to solve (4).  The initial condition is h = 0 for t = 0.  
For a time step of computation denoted by j, (4) can be written in finite-difference form 
as  
                                         ss njjns
jj
jj
jj hhK
ii
tt
hh /1111
1
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2
−−−
−
− +−⎟⎟⎠
⎞
⎜⎜⎝
⎛ +=−
− ψ             (5) 
 The only unknown is hj since and hj-1 was known either from initial condition or 
from previous time-step computations.  At every time step (5) was solved for hj using the 
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Newton iterative technique, one of the most commonly used numerical techniques to 
solve non-linear equations.  The estimation of the unknown variable starts with a guess 
value and then be approximated involving the first derivative of the function.  The 
process will be repeated until the change in successive two estimations of the unknown 
variable falls within the required tolerance, or a convergence criterion.  Once the 
parameters Ks and ns in the model was calibrated with the experimental data collected 
from a site (i.e. the Baton Rouge, LA site), the simultaneous flow rate q was estimated, 
by solving Equation (2) in a finite-difference method, as shown above.  The finite 
difference method is a method for solving partial differential equations (PDEs).  The 
method requires the domain to be replaced by a grid.  At each grid point each term in the 
partial differential is replaced by a difference formula which may include the function 
values at that and neighboring grid points.  By substituting the difference formulae into 
the PDE, a difference equation is obtained.   
Particulate Constitutive Transport Model 
The physical process of particulate transport model consists of two basic parts: 
particulate entrainment and deposition, and particulate transport by overland flow.  The 
particulate matter examined in this study, typical of many urban watersheds that are 
largely paved and highly impervious, is non-cohesive (Sansalone et al 1998). 
1. Solids Entrainment and Deposition 
a. Particulate Entrainment by Flow 
A common way to simulate particulate entrainment by flow is to incorporate both 
physical processes and empirical data into a conceptual model (Freedman et al. 2001).  It 
is reasonable to assume that the erosion of particles from an impermeable surface may 
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include the entrainment of particles due to the shear stress generated by the flow of water 
over the surface.  These phenomena can be modeled by assuming that the rate at which 
particles are lifted into suspension and the entrainment of particles are proportional to the 
excess of the shear stress, τ, over some critical stress, τce.  Therefore, the rate of 
entrainment of particles from the surface can be defined by equation (6).   
5.1)( crf Ke ττλττ −=                                             (6) 
Successful applications of Equation (6) have been demonstrated by Solo-Gabriele 
et al. (1997) for metal transport in the Aberjona River watershed, Wuburn and by 
Tomanovic and Maksimovic (1996) for suspended solids discharge estimation on two 
small experimental catchments, one at Miljakovac-Belgrade, Yugoslavia and the other in 
Lund, Sweden.  Similarly, the particulate entrainment rate can also be assumed to be 
proportional to the excess effective stream power (Proffitt et al. 1993), and can be defined 
by equation (7).  
5.1)( crf Ke Ω−Ω= ΩΩλ                                        (7) 
In the expression, ef is the rate of sediment entrainment by flow [ML-2T-1]; τ is the shear 
stress [ML-1T-2] and defined as gRSρ ; τcr is the critical shear stress [ML-1T-2]; Ω  is the 
effective stream power [M3/2 L-9/2 L-2/3] and defined as ( ) 3/2
2/3
h
uτ ; crΩ  is the critical 
stream power [M3/2 L-9/2 L-2/3] and defined as, 
( )
3/2
2/3
*
h
u ccrτ ; τK  and ΩK  are the flow-
induced erodibility parameters [M-1/2L-1/2T2 and M-5/4L19/4 ]; h is water depth [L]; u  is 
mean flow velocity [LT-1]; cu*  is mean critical shear velocity [LT
-1]; τλ  = 1 for τ ≥ τcr 
and τλ  = 0 for τ < τcr; Ωλ  = 1 for Ω ≥ Ωcr and Ωλ  = 0 for Ω < Ωcr.  The exponent of 1.5 
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chosen in both forms is consistent with Prosser and Rustomji’s findings (2000) that 
indicate a limited range (1~1.8) for which the exponent values are defined.  Their work 
provided strong theoretical and empirical support for these findings.  
 Deterministic models based on transport capacity equations are possible as well.  
Sediment transport capacity can be basically defined as the steady-state rate of sediment 
transport obtained when the rate of entrainment equals that of deposition (Prosser and 
Rustomji 2000).  For non-cohesive sediments, the steady-state flux is also the maximum 
rate at which the flow can transport, and is therefore the sediment transport capacity of 
that flow and sediment combination.  At present, there are a number of deterministic 
transport capacity equations that have been developed based on observations in channels 
and alluvial rivers, as listed in Table 3.1.  Overland flow, however, is quite different 
because overland flow often has a very limited depth and slopes are often one or two 
orders of magnitude higher than those encountered in alluvial channels.  Govers (1993) 
evaluated the performance of a number of formulae and found that the Low formula 
(Low 1989) was satisfactory for overland flow.  The formula is written for the general 
flow direction in any consistent unit system as equation (8).   
   scrs uDSYY
s
q ρ6.05.0 )()1(
42.6 −−=                                                  (8) 
In the expression, qs is the solids discharge per unit width [ML-1T-1]; s = ρρ /s ; Y is 
dimensionless shear stress and defined as 
Ds 'γ
τ ; Ycr is the critical dimensionless shear 
stress 
Ds
cr
'γ
τ
; D is particle diameter [L]; S is average surface slope [dimensionless]; u is 
resultant velocity [LT-1]; ρs is particle density [ML-3] ; ρ is water density [ML-3]; γs’ is  
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Table 3.1 Summary of Transport Capacity Equations  
 
 Equation Note Sources 
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γγφρ gDq sss −=  25.1)05.0(09.5 −= Yφ  Lu et al. (1989) 
 
 
 
qs is the solids discharge per unit width [ML-1T-1]; s = ρρ /s ; Y is dimensionless shear 
stress and defined as 
Ds 'γ
τ ; Ycr is the critical dimensionless shear stress Ds
cr
'γ
τ
; D is 
particle diameter [L]; S is average surface slope [dimensionless]; u is resultant velocity 
[LT-1]; ρs is particle density [ML-3 ] ; ρ is water density [ML-3]; γs’ is submerged specific 
weight as defined as g(ρs-ρ) [ML-2T-2]; τ is shear stress and defined as ρghS [ML-1T-2], in 
which h approximates the hydraulic radius; and τcr is critical shear stress [ML-1T-2]; g is 
the acceleration due to gravity; φ  is dimensionless transport rate. 
(Source: Govers  1993) 
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submerged specific weight as defined as g(ρs-ρ) [ML-2T-2]; τ is shear stress and defined as 
ρghS [ML-1T-2], in which h approximates the hydraulic radius; and τcr is critical shear 
stress [ML-1T-2].  Consequently, 
      
w
q
e sf =                                                      (9) 
In the expression, ef is the rate of sediment entrainment by flow [ML-2T-1]; w is the width 
of watershed [L]. 
In both conceptual and deterministic models, the estimation of critical shear stress 
is required.  Govers (1987) reported that the Shield’s Diagram is still valid for critical 
shear stress estimation for overland flow.  In this study, the empirical equation for 
Shield’s Diagram proposed by Guo (2002) was utilized.  
)]
25
Re4
exp(1[054.0
Re
11.0 52.0*
*
* −−+=cτ                           (10) 
In the expression, c*τ  is the dimensionless shear stress and defined as gds
c
ρ
τ
)1( −  
[dimensionless]; *Re  is particle Reynolds number and defined as υ
du*  [dimensionless]; s 
is specific gravity of sediment [dimensionless]; ρ is density of water [ML-3]; g is 
gravitational acceleration [LT-2]; d is sediment diameter [L]; *u  is shear velocity and 
defined as ρ
τ  [LT-1]; υ is the kinematic viscosity of water [L2T-1].   
The size of particles found on impervious urban surfaces range from very fine 
suspended particles (1-25 µm) to coarser sediment-size particles (> 75 µm) that can range 
in size up to millimeter-size gravel material.  Most equations utilized for shear stress and 
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steam power calculations utilize a single particle size index, a d50.  The particle 
size distributions for Baton Rouge, LA site and Cincinnati, OH site are shown in Figure 
3.2.  Once grit size material is excluded, the d50 for the Baton Rouge site is approximately 
100 µm, which is consistent with the typical value from literature (d50 = 80 -  100 µm) 
(Deletic 1997) and is not significantly different from the d50 for Cincinnati site which is 
approximately 115 µm. 
b. Entrainment by Raindrop Impact  
Since overland flow is rarely greater than a centimeter deep, the potential for 
raindrop impact to affect flow hydraulics and sediment is high and the impact is found 
the highest for shallow low-energy flows on low slopes (Deletic 1997; Beuselinck et al. 
2002).  This is consistent with Vaze and Chiew’s experiments results (2003), which 
indicated that both the turbulence created by falling raindrops and the shear stress 
imparted by surface runoff are both important in loosening the surface particles and 
suspending them in water, making them available for wash off.  
 Lopes and Lane (1988) proposed that the rate of sediment entrainment by 
raindrop impact is proportional to rainfall intensity and rainfall excess.  Akan (1982, 
2000) utilized an empirical model proposed by Bubenzer and Jones (1971).  In this study, 
sediment entrainment by raindrop impact is modeled by assuming that the rate at which 
particles are lifted into suspension by the raindrops is directly proportional to some power 
of the rainfall intensity as follows (Price and Mance 1978; Bertrand-Krajewski et al. 
1993): 
5.1iei α=                                                  (11) 
In the expression, ei is the rate of sediment entrainment by raindrop impact [ML-2T-1]; α 
is raindrop-induced soil erodibility parameter [ML-3]; i is rainfall intensity [LT-1].  The  
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Figure 3.2 Representative Particle Size Distribution for the Experimental Site in Baton 
Rouge, LA (d50 = 100 µm) and Cincinnati, OH (d50 = 115 µm) 
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selection of the exponential constant of 1.5 is consistent with literature (Price and Mance 
1978; Moys et al. 1988).    
c. Sediment Deposition  
Little research has been carried out with respect to the deposition process in 
overland flow.  Freedman et al. (2001) proposed that the mass rate of sediment deposition 
(downward flux) is proportional to the product of particulate matter concentration and 
effective particle fall velocity (Mehta 1983; Freedman 2001).  
cve sd β=                                               (12) 
In this expression, ed is the rate of sediment deposition [ML-2T-1]; β is deposition 
parameter that physically represents the relationship between the deposition rate and the 
product of particulate matter concentration and effective particle fall velocity 
[dimensionless]; vs is particle fall velocity [LT-1]; c is the sediment concentration [ML-3]. 
For deposition in overland flow areas, β is assumed to be 0.50 (Lopes 1987).  In this 
study, the effect of deposition is neglected which is reasonable because of the limited 
water depth of overland flow and the relatively small roughness and surface slope.
 Therefore, it is concluded that for a paved impervious surface, the sediment fluxφ , 
which can also be called source/sink, is generally written as equation (13) with ed as 0. 
dif
jj
jj
j eeett
MM
dt
dMt −+=−
−−=−=
−
−
1
1)(φ                                (13) 
In this expression, ei is the rate of sediment entrainment by raindrop impact [ML-2T-1]; ef 
is the rate of sediment entrainment by flow [ML-2T-1]; ed is the rate of sediment 
deposition [ML-2T-1]; j is the jth time step; Mj is the particle mass available on the unit 
area surface at jth time step [ML-2].  With Mj-1 known either from the initial condition or 
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from a previous time step calculation, Mj can be computed by the equation above.  
However, it is noted that under any circumstance, Mj ≥ 0, which means if )(tφ  is 
calculated to be greater than zero, )(tφ  has to be adjusted to 
1
1
−
−
− ii
i
tt
M
 and Mj = 0.  The 
determination of M0 involves a particle mass build-up process.  The key factors that may 
influence particle build-up at a surface include dust fallout, human activities, traffic, wind 
and erosion from unpaved areas, etc (Deletic 1997).  The particle build-up is usually 
modeled to be linear or exponential asymptotic with time, such as SWMM, FLUPOL, 
THALIA, NPS, STORM  and Servat’s model (Bertrand-Krajewski and Scrivener 1993).  
The major disadvantage of these models lies in the fact that parameters included in those 
models are generally very difficult to estimate.  Furthermore experimental results 
available in literatures indicate that they can not be definitely chosen again each other 
(Bertrand-Krajewski J. L. et al. 1993).  In this study, pollutant mass available on the 
surface at the beginning of rainfall-runoff events was determined from the results from 
previous study (Sheng and Sansalone 2004).   
2. Particulate Transport by Overland Flow 
The particulate matter continuity equation for zero-dimensional flow on an 
overland flow area is represented as (Beuselinck et al. 2002; Freedman et al. 2001).  For 
the suspension layer the continuity equation is represented as follows. 
)()( t
t
hc φ=∂
∂                                              (14) 
In the expression, c is sediment concentration [ML-3]; h is water depth [L] and )(tφ  is 
sediment flux [ML-2T-1], or source/sink term.  The left term represents the rate of change 
in particulate matter concentration within the flow depth.  
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Particulate Transport Model Considering Particle Size Distribution (PSD) 
 Effects of particle gradations on transport have been reported (Low 1989; Meijer 
et al. 2002), which are mainly in the increased transport rates of the coarse fraction with 
respect to the uniform coarse material and the availability at the bed under similar 
conditions.  Effects of particle gradations on transport have been reported as that under 
similar conditions coarse fraction particles have larger transport rate and more 
availability at the bed.  The representative particle size distributions from the Baton 
Rouge site and Cincinnati site are shown in Figure 3.2.  The physical properties of 
particles with different sizes are expected to be different.  Consequently, the application 
of Equation (13) for particles with different sizes separately will present the mass 
transport process more accurately.    
Model Evaluation Procedure 
Sum of Squares of Error (SSE)  
Sum of squares of error (SSE) is one of the most common indices used for model 
evaluations.  The definition of SSE is as follows. 
                                                    
n
PO
SSE
i
n
i
i
2
1
)( −
=
∑
=                                               (15) 
In the expression, O is the observed suspended solids loading rate [mg/s]; P is the 
predicted particulate matter loading [mg/s]; n is the number of sample points; the 
subscripts i denotes the sample number. 
Nash-Sutcliffe coefficient, R2 
The Nash-Sutcliffe coefficient, R2, (Nash and Sutcliffe 1970; Beldring et al. 2003; 
Freedman 2001) is used to measure the goodness-of-fit between measured and simulated 
particulate matter, and is given as 
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In the expression, Xi,obs is the measured value; Xi,sim is the simulated value; X  is the 
average of observed values and n is the number of observations. 
Selection of the Nash-Sutcliffe coefficient was based on the ASCE Task 
Committee on Evaluation Criteria for Watershed Models as a goodness-of-fit criterion for 
evaluating continuous hydrograph or sediment transport model performance (ASCE 
1990).  An accurate representation of measured data by modeled results generates a 
coefficient between 0.5 and 1.0, where 1.0 represents a perfect comparison.  It is noted 
that the Nash-Sutcliffe coefficient and the goodness-of-fit criteria are basically equivalent.    
RESULTS AND DISCUSSION 
Overland Flow Modeling 
 Watershed depressional storage analysis results utilizing Equation (1) are 
summarized in Figure 3.3.  Results for the Baton Rouge watershed yielded an estimate of 
2.95 mm for depressional storage with a standard deviation of 0.533 mm.  The coefficient 
of determination between event unit runoff and unit rainfall volume was 0.88.  Results for 
the Baton Rouge watershed yielded an estimate of 1.19 mm for depressional storage with 
a standard deviation of 0.632 mm.  The coefficient of determination between event unit 
runoff and unit rainfall volume was 0.98.    
 Response surface plots were defined as two-dimensional contour plots of the 
objective function used to fit the model to observed data.  Here the objective function was 
the Nash-Sutcliffe coefficient.  To examine the parameter interactions, the response  
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Figure 3.3 Depression Storage Estimation for Baton Rouge, LA and Cincinnati, OH Sites 
 
)(* 0hVPRA
V
q rain
runoff −==  
 
Where q is the runoff volume for unit area [mm]; Vrunoff is the runoff volume [L]; Vrain is 
the rainfall volume [mm]; h0 is the depression storage [mm]; A is the impervious 
watershed area [m2]; PR is the proportional runoff [dimensionless], or namely, runoff 
coefficient. 
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surface of Ks-ns were generated, as shown in Figure 3.4 and 3.5.  From Figure 3.4 and 3.5, 
Ks = 7.1 and ns = 1. 6 for Baton Rouge, LA and Ks = 2.7 and ns = 0.7 for Cincinnati, OH.  
 Figure 3.6 and Figure 3.7 illustrated the observed and simulated hydrograph for 
Baton Rouge, LA site and Cincinnati, OH site, respectively.  Results indicate good 
agreement between the measured data and the proposed simulation hydrological model.    
Mass Transport Model 
 When the conceptual particulate entrainment model was utilized, there were two 
parameters that required calibration, that is, α for raindrop impact and KΩ or Kτ for 
overland flow entrainment.  As pointed out by Freedman et al. (2001), these types of 
conceptual models always encounter difficulties in identifying the empirical parameters 
because there conceptual models always involve a number of parameters to calibrate and 
the interaction between those parameters even deteriorate the situation.  This was 
overcome by incorporation of a deterministic model – Low’s equation, for particle 
entrainment.  In that case, it is better to call the entire model a semi-deterministic-
conceptual model because the raindrop impact still remains conceptual.  There was only 
one parameter α left to calibrate and the corresponding identification curve shown in 
Figure 3.8, indicated that α was calibrated as 5.3 for Baton Rouge site and 0.2 for 
Cincinnati site.   
 The observed and simulated pollutographs for the Baton Rouge, LA site and 
Cincinnati, OH watershed are shown in Figure 3.9 through 3.12, respectively.  Based on 
the Nash-Sutcliffe coefficient the agreement between measured data and modeled results 
was fair when a d50 index was utilized (Figure 3.9 and 3.11) and agreement improved 
when the entire mass-based size gradation was included (Figure 3.10 and 3.12).  While  
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Figure 3.4 Response Surface Configuration for Ks-ns with Labeled Values of Nash-
Sutcliffe Coefficient, R2 for Baton Rouge, LA Site 
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In the expression, Xi,obs is the measured value; Xi,sim is the simulated value. X  is the 
average of observed values and n is the number of observations. 
 
qi
dt
ds −= ψ ;  snsqKs =  
 
In these expressions, s is the storage for a unit watershed surface area [L]; ψ is the runoff 
coefficient [dimensionless]; i is the rainfall intensity [LT-1]; q is the runoff from a unit 
watershed surface area [LT-1]; Ks is the storage constant and ns is the non-linearity 
parameter.   
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Figure 3.5 Response Surface Configuration for Ks-ns with Labeled Values of Nash-
Sutcliffe Coefficient, R2 for Cincinnati, OH Site 
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In the expression, Xi,obs is the measured value; Xi,sim is the simulated value. X  is the 
average of observed values and n is the number of observations. 
 
qi
dt
ds −= ψ ;  snsqKs =  
 
In these expressions, s is the storage for a unit watershed surface area [L]; ψ is the runoff 
coefficient [dimensionless]; i is the rainfall intensity [LT-1]; q is the runoff from a unit 
watershed surface area [LT-1]; Ks is the storage constant and ns is the non-linearity 
parameter.   
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Figure 3.6 Measured and Modeled Storm Flow Loading Rate of Three Representative 
Events Captured at Baton Rouge, LA Site 
The concrete-paved site is 44.6-m long, 12.2-m wide, with a total area of 544-m2 (5853-
ft2). The paved catchment slope is 2.0%.   
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Figure 3.7 Measured and Modeled Storm Flow Loading Rate of Three Representative 
Events Captured at Cincinnati, OH Site 
 
The asphalt-paved site is 20-m long, 15-m wide, with a total area of 300. The paved 
catchment slope is 2.0%. 
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Figure 3.8 Response Curves for Mass Transport Model for Baton Rouge, LA and 
Cincinnati, OH Site 
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Figure 3.9 Measured and Modeled Total Particles Loading Rate for Baton Rouge, LA 
Site  
 
The concrete-paved site is 44.6-m long, 12.2-m wide, with a total area of 544-m2 (5853-
ft2). The paved catchment slope is 2.0%. 
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Figure 3.10 Measured and Modeled Total Particles Loading Rate Incorporating Particle 
Size Distribution (1~4750 µm) for the Baton Rouge, LA Site 
 
The concrete-paved site is 44.6-m long, 12.2-m wide, with a total area of 544-m2 (5853-
ft2). The paved catchment slope is 2.0%. 
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Figure 3.11 Measured and Modeled Total Particles Loading Rate for the Cincinnati, OH 
Site 
 
The asphalt-paved site is 20-m long, 15-m wide, with a total area of 300. The paved 
catchment slope is 2.0%. 
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Figure 3.12 Measured and Modeled Total Particles Loading Rate Incorporating Particle 
Size Distribution (1~4750 µm) for the Cincinnati, OH Site 
 
The asphalt-paved site is 20-m long, 15-m wide, with a total area of 300. The paved 
catchment slope is 2.0%. 
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the modeled results based on a d50 index were able to replicate the basic shape of the 
pollutographs there were cases where the results did not replicate more complicated 
patterns of multiple pollutographs and approximated the peak loading rate.  Modeled 
results based on the entire gradation were able to more closely replicate the more 
complicated patterns of multiple pollutographs including the durations, arrival times and 
peak loading rates.    
CONCLUSIONS AND DISCUSSIONS 
 A semi-conceptual model, incorporating both shear stress equations and rain 
drops effects, was developed to simulate non-cohesive anthropogenic particulate 
transport processes in rainfall-runoff events from two similar small urban paved 
watersheds, with the raindrop-induced soil erodibility parameter α involved only.  The 
overland hydrologic flow component was modeled with a lumped parameter hydrologic 
routing equation containing the storage constant Ks and the non-linearity parameter ns.  
These two parameters were calibrated by a Nash-Sutcliffe coefficient response surface.  
Parameters in the proposed mass transport model were calibrated with a Nash-Sutcliffe 
coefficient response curve.  Event-based predictions based on the hydrologic and mass 
transport models were demonstrated by comparing modeled and measured data from the 
similar watershed in Baton Rouge, LA (544-m2) and Cincinnati, OH (300-m2).  Good 
agreement between hydrologic model results and measured hydrologic data was 
demonstrated for both sites.  With respect to particulate matter transport, modeled results 
based on the a constitutive relationship that included the entire particulate size gradation, 
PSD (suspended, settleable and sediment fractions) were able to more closely replicate 
complexities of multiple particulate loading pollutographs at both sites as compared to 
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use of a single d50 particle size index for the entire gradation.  Specifically, the inclusion 
of the entire PSD allowed the shape, peak and arrival times of individual and multiple 
pollutographs to be better simulated throughout rainfall-runoff events at both sites.  The 
incorporation of the PSD improved simulation results for the mass transport model in 
comparison to a single d50 index given the wide PSD and since different size ranges of 
the PSD exhibit differing transport behavior.  In part, differences between measured and 
modeled pollutographs may be due to simplification of the raindrop impact component of 
the mass transport model.  It is reported that the relative magnitude of the raindrop impact 
varies with time, that is, the energy of falling raindrops in detaching the surface pollutants 
is very important at the start of an event and is less dominant as the availability of easily 
detachable and transportable fractions of the surface particulates commonly decrease over 
the event duration (Vaze and Chiew 2003).  Dijk et al. (2003) found that overall storm 
kinetic energy correlated reasonably well with sediment transport, but much better 
agreement was obtained when a threshold rainfall intensity was introduced, which could 
be conceptually similar to the critical shear stress in simulation of flow particulate 
Entrainment.  The semi-deterministic-conceptual model provides a tool to simulate non-
cohesive particulate matter loadings to receiving waters and rainfall-runoff unit 
operations and processes in small urban watersheds. 
DESIGN EXAMPLE 
1. During the entire rainfall-runoff events, take samples at a certain time interval and 
measure both water quantity and quality indices, such as runoff flow rate, rainfall 
intensity, sample suspended solids concentration (SSC) for each sample.  At the same 
time, record rainfall intensities during rainfall-runoff events. 
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2. Determine Vrunoff and Vrain values from measured water quantity data for several 
rainfall-runoff events.  Plot values of q (defined as 
A
Vrunoff ) against Vrain.  Generate a 
linear regression line and the estimation of depression storage h0 is the intercept of the 
regression line on the Vrain axis.   
3. Calibrate the storage constant Ks and the non-linearity parameter ns in the lumped 
hydrologic model: 
ss nns hKidt
dh /1/1−−= ψ  
A number of different combinations of Ks and ns are substituted into the lumped 
model and therefore the outflow rates are calculated.  For each combination of Ks and 
ns, the corresponding R2 based on the difference between the calculated and measured 
flow rates is estimated.  The calibrated values for Ks and ns are chosen based on the 
response surface of R2.   
4.  Calibrate the raindrop impact coefficient α in the lumped mass transport model: 
)()( t
t
hc φ=∂
∂  
dif
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j eeett
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dMt −+=−
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w
q
e sf = , scrs uDSYY
s
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5.1iei α=  
cve sd β=  
A number of different α values are substituted into the lumped model and therefore 
the outflow pollutant loading rates are calculated.  For each different α value, the 
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corresponding R2 based on the difference between the calculated and measured outflow 
pollutant loading rates is estimated.  The calibrated value for α is chosen based on the 
response curve of R2.   
For each time step, the pollutant mass remaining on the surface is estimated.  When 
the mass is less than the value calculated by the model, )(tφ  has to be adjusted to 
1
1
−
−
− ii
i
tt
M
 and Mj = 0.  The determination of M0 is proposed to follow the 
methodology reported from previous study (Sheng and Sansalone 2004).   
NOMENCLATURE 
 
q : runoff volume for unit area [L];  
Vrunoff : runoff volume [L3];  
Vrain  : rainfall volume [L];  
h0  : depression storage [L];  
A  : impervious watershed area [L2];  
PR  : proportional runoff [dimensionless]; 
s :is the storage for a unit watershed surface area [L]; 
ψ : runoff coefficient [dimensionless];  
i  : rainfall intensity [LT-1]; 
q : runoff from a unit watershed surface area [LT-1]; 
Ks : storage constant; 
ns : non-linearity parameter; 
τ : shear stress and defined as gRSρ ;  
τcr  : critical shear stress;  
Ω   : effective stream power [M3/2 L-9/2 L-2/3] and defined as ( ) 3/2
2/3
h
uτ ;  
crΩ   : critical stream power [M3/2 L-9/2 L-2/3] and defined as, ( )3/2
2/3
*
h
u ccrτ ;  
τK  and ΩK  : flow-induced erodibility parameter; 
h  : water depth;  
u   : mean flow velocity [LT-1];  
cu*   : mean critical shear velocity;  
τλ  = 1 for τ ≥ τcr and τλ  = 0 for τ < τcr;  
Ωλ  = 1 for Ω ≥ Ωcr and Ωλ  = 0 for Ω < Ωcr; 
qs  :is the solids discharge per unit width;  
s : specific gravity of sediment and defined as ρρ /s ;  
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Y  : dimensionless shear stress and defined as 
Ds 'γ
τ ;  
Ycr  : critical dimensionless shear stress Ds
cr
'γ
τ
; 
D  : grain diameter;  
S  : average surface slope;  
U : resultant velocity;  
ρs  : particle density;  
ρ  : water density;  
γs’  : submerged specific weight as defined as g(ρs-ρ);  
w  : width of watershed [L]; 
c*τ  : dimensionless shear stress and defined as gds
c
ρ
τ
)1( − ;  
*Re   : particle Reynolds number and defined as υ
du* ;  
g : gravitational acceleration;  
d  : sediment diameter;  
*u   : shear velocity and defined as ρ
τ ;  
υ  : kinematic viscosity of water; 
ei  : rate of sediment entrainment by raindrop impact [ML-2T-1];  
α  : raindrop-induced soil erodibility parameter [LT];  
β  : deposition parameter [dimensionless];  
vs  : particle fall velocity [LT-1]; 
ef  : rate of sediment entrainment by flow [ML-2T-1]; 
Mj  : solids available on the unit area surface at jth time step [ML-2]; 
c  : sediment concentration [ML-3];  
)(tφ  : sediment flux [ML-2T-1], or source/sink term; 
O  : observed suspended solids loading rate [mg/s]; 
P  : predicted suspended solids loading [mg/s];  
n  : number of sample points;  
Xi,obs  : measured value;  
Xi,sim : simulated value; 
X  : average of observed values and n is the number of observations. 
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CHAPTER 4. TRANSPORT MODELING OF NON-COHESIVE PARTICULATE 
MATTER BY OVERLAND FLOW IN SMALL IMPERVIOUS URBAN 
WATERSHEDS: A DISTRIBUTED SYSTEM APPROACH 
 
SUMMARY 
A mathematical model of anthropogenic particulate matter transport from small 
impervious urban watersheds during rainfall-runoff events was developed.  The 
watersheds were represented as distributed systems and the hydrologic and transport 
modeling simulated non-cohesive and non-colloidal particulate matter mass transport 
from the surface during rainfall-runoff events.  A kinematic wave model was utilized for 
overland flow modeling.  A semi-physical fractional advective-dispersion mass transport 
model incorporating shear stress and rain drop effect was developed.  Representation of 
particle size gradation influence was examined through the use of a single d50 index in 
comparison to the full particle size distribution (PSD).  Model viability was demonstrated 
utilizing hydrologic and particulate matter data collected from two small paved urban 
watersheds in Baton Rouge, LA (544-m2) and in Cincinnati, OH (300-m2).  Results 
indicated that the model could replicate hydrologic and particulate matter mass transport 
during rainfall-runoff events.  The incorporation of the entire PSD improved model 
results as compared to use of a d50 size index.   
INTRODUCTION   
Interactions between rainfall-runoff and paved impervious surfaces of the built 
environment transport significant loads of particulate matter generated by anthropogenic 
activities such as traffic activities.  This particulate matter that ranges in size from 
colloidal material to gravel and litter can adversely impact water quality in receiving 
water bodies.  Particles across this wide size gradation serve as reactive substrates for 
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anthropogenic inorganic and organic constituents and also as microbial habitat.  Rainfall-
runoff (storm water) is reported as a leading cause of impairment to nearly 40% of U.S. 
water bodies which do not meet water quality standards (USEPA 1996).  Considerable 
research has been carried out with respect to wash-off process and urban rainfall-runoff 
modeling (Alley 1981; Bertrand-Krajewski et al. 1993; Solo-Gabriele and Perkins 1995; 
Deletic 1997; Millar, R. G. 1999).  Advances in computational power over the last three 
decades have further accommodated successful development of deterministic modeling 
of storm water runoff quantity with computer models such as the SWMM and STORM 
(Metcalf and Eddy Inc et al. 1971; Roesner et al. 1973).  These models enable researchers, 
regulators and practitioners to simulate rainfall-runoff and suspended solids behavior in 
urban conveyance system.  Such models are used to provide decision-making guidance 
and such models have been utilized by stakeholders.  However, models such as SWMM 
and STORM are based on the assumption that the discharge of a particular pollutant from 
a given source area is directly related to the instantaneous rainfall intensity from that area 
and the amount of pollutant available on the surface (Jewell and Adrian 1978; Huber 
1995).  Such simplification of the mass transport process can in part be traced to a lack of 
intra-event water quality data that includes a detailed investigation of constituent 
characteristics, in this case, particle size distributions (PSDs) transported throughout the 
event.  The impetus of this paper is to contribute a detailed numerical fractional 
advective-dispersive model based on detailed experimental hydrologic and particulate 
matter data from two similar small urban source area watersheds.  Such a model will give 
further insight into the transport of particulate matter from small impervious source area 
watersheds, allow simulation of particulate matter transport from small watersheds to 
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receiving waters, or allow prediction of particulate matter loadings to source area 
rainfall-runoff unit operations and processes. 
BACKGROUND 
Advection-Dispersion Equation (ADE) 
 The equation of mass conservation expresses a mass balance for the addition and 
removal of mass from a defined control volume of fluid.  Forms of the ADE can be 
developed considering a fixed, non-deforming volume of fluid, V as the control volume 
(CV), which has a defined boundary or a control surface (CS).  Conservation of mass 
requires that the time rate of change of mass within the control volume equals the rate at 
which mass enters the control volume plus the rate at which mass is gained or lost within 
the control volume due to sources and sinks.  The conservation of mass in integral 
(Control Volume) form is as follows. 
∫ ∫∫ ±∂∂+⋅−=∂∂ SdAnCDdAnVCVCdt ncscscv r
r
                            (1) 
In the expression, the left hand side (LHS) is the time rate of change of mass within CV, 
the first term in the right hand side (RHS) is the advection flux into control volume, the 
second term in RHS is the diffusive flux into control volume and the third item in RHS is 
the source or sink.  Particularly, the conservation of mass in differential form in three 
dimensions is as follow.    
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Fractional Calculus and Fractional Kinetic Model 
Derivatives of integer order n, n
n
dx
yd , and their inverse operations – integrations – 
provide a universal language for formulating and analyzing many laws of physics and 
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other sciences.  In comparison, about 300 years had to pass before what is now known as 
fractional calculus was slowly accepted as a practical instrument, although the history of 
calculus of fractional integrals and derivatives is almost as old as calculus itself (Sokolov 
et al. 2002).  Fractional-order derivatives can be formally expressed as, for 
example, 2/1
2/1
dx
yd  .  The definition of a fractional integral of arbitrary order α is as follows. 
∫ −− −Γ=
x
a
xa dyyfyxxfD )()()(
1)( 1αα α     (x ≥ α)                             (3) 
Table 1 gives some examples of fractional calculus with α = ±1/2.  Fractional kinetics has 
been mainly utilized to deal with anomalous transport in highly heterogeneous systems 
such as porous media (Berkowitz et al. 2002), natural rivers (Deng 2002), and 
atmospheric turbulent flow (Shraiman and Siggia 2000).  Specifically the fractal 
roughness of urban pavement source areas gives rise to fractional kinetic behavior of 
urban source area mass transport of rainfall-runoff particulate matter.  Particulate matter 
transport from paved urban source area may be expressed by their non-integer or 
fractional dimensions.  The dimension is closely related to the fractal roughness which 
influences the overland or over-surface particulate matter mass delivery process.  The 
value of fractal dimension is between 2 and 3, with a value of 2 indicating a perfectly 
smooth surface, and higher values indicating increasing surface roughness (Deng, Z.-Q. 
2002). 
OBJECTIVES 
There were four major objectives in this study.  The first objective development 
of a conventional ADE numerical model to provide insight into particulate matter 
transport processes from source area paved urban watersheds.  The second objective was 
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the calibration and verification of the fractional ADE through utilization of measured 
hydrologic and particulate matter data captured from two watersheds located in Baton 
Rouge, LA and Cincinnati, OH.  The third objective was to investigate the influence of 
how particle size distributions are represented; either as a mass-based d50 size index or as 
the entire gradation.  The fourth objective was to study the viability of a proposed 
fractional ADE model for prediction of particulate matter transport.   
METHODOLOGY 
Instrumented Watersheds 
Hydrologic and particulate matter transport data were collected from two similar 
small urban watersheds.  Flow collected from both watersheds was overland sheet flow.  
Overland flow generated from the watershed was collected in a trough that ran the full 
width of the watershed and samples were manually taken and measured at a closely-
spaced time intervals throughout the duration of each event.  The entire cross-section of 
flow was sampled and two replicate samples were taken at each time interval (typically 
every 2 to 5 minutes).  A tipping bucket rain gage and data-logger collected rain data in 
increments of 0.01 inches at each watershed.  A calibrated Parshall flume with a 70kHz 
sensor and data logger were used to collect flow depth data at 1 minute intervals 
throughout the duration of each event at each watershed. 
One of the instrumented watersheds was located in urban Baton Rouge, Louisiana.  
This concrete-paved watershed was 44.6-m long, 12.2-m wide, with a total contributing 
area of 544-m2.  The paved watershed slope was 2.0%.  After sampling, flow was routed 
to several 2200-L settling basins for storage, volume balances and eventual 
characterization of particulate matter.  The average annual daily traffic volume (ADT) for 
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the eastbound I-10 lanes was 70,400 vehicles (Hird 2001).  Mean annual precipitation at 
the watershed is 1460 mm/year.  A similar small urban watershed was located in urban 
Cincinnati, Ohio.  This asphalt-paved watershed was 20-m long, 15-m wide, with a total 
contributing area of 300-m2.  The paved watershed slope was 2.0%.  After sampling, flow 
was routed to a settling basin for storage, volume balances and eventual characterization 
of particulate matter.  The average annual daily traffic volume (ADT) for the southbound 
I-75 lanes was 115,000 passenger vehicles and 15,000 commercial vehicles (Sansalone 
and Buchberger 1997).  Cincinnati receives on average 1,020 mm of rainfall and 420 mm 
of snow per year (Sansalone and Buchberger 1997).  Detailed descriptions of the 
experimental systems, data collection and QA/QC can be found elsewhere (Sansalone 
and Buchberger 1997; Sansalone et al. 1998; Hird 2001).  Figure 4.1 contains the 
schematic plan views of both watersheds utilized in this study. 
Rainfall-Runoff Sampling and Quality Analysis  
The volume of each sample was 1-L when characterizing pollutographs in terms 
of gross particulate matter indices such as suspended sediment concentration (SSC) or up 
to 12-L when characterizing particulate matter gradations based on suspended (< 25 µm), 
settleable (25 – 75 µm) and sediment (> 75 µm) fractions.  Samples were transported to 
the laboratory for water quality analysis within 6 hours of sampling (generally less than 2 
hours).  A minimum of 15 to 20 replicate sample pairs were collected for each event.  
Suspended sediment concentrations (SSC) were analyzed for each sample according to 
the methods proposed by Gray (Gray et al. 2000).  Detailed descriptions of data 
collection, results, hydrology and analytical methods and quality assurance can be found 
elsewhere (Sansalone and Buchberger 1997; Sansalone et al. 1998; Hird 2001). 
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Figure 4.1 Plan View of Experimental Sites (not to scale, NTS) 
 
a. Site in urban Baton Rouge, Louisiana. Runoff is generated from a 544-m2 section of 
PCC pavement and collected from the lower expansion joint. The pavement 
catchment is 12.2-m wide by 44.6-m long, with a tangential slope of 2.02%. Arrows 
indicate the direction of flow. All flow is captured from the lower expansion joint and 
catch basin.  
 
b.   Site in urban Cincinnati, Ohio. Runoff generated from a 300-m2 section of asphalt 
pavement is collected at the edge of the pavement. The pavement catchment is 20-m 
wide by 15-m long, with a transverse slope of 2% across the length of the pavement 
and a longitudinal slope of 0.04%. Arrows indicate the direction of flow. All flow is 
captured from the 300-m2 area at the edge of the pavement in an epoxy-coated flume. 
Traffic 
Flow 
15m
20 m
 
N 
Flow I – 75 South 
Flow 
0.04% 
2% 
(b) 
Traffic 
44.6 m 
12.2 m
 
N 
I – 10 
Flow 
Lower Expansion Joint 
Flow 
(a) 
East Bound
Diagonal Slope 2.02% 
Upper Expansion Joint
 102
Distributed Model Development  
A numerical model is developed to give insight into detailed mass delivery by 
rainfall-runoff from an urban source area, in particular for particulate matter with a 
number of parameters to be calibrated by water quality and quantity data collected from 
experimental watersheds in Baton Rouge, LA and Cincinnati, OH.  The system is 
assumed to distributed, which imply that the hydrology and water quality parameters are 
a function of time and distance. 
Overland Flow Model 
1. Depression Storage  
Depression storage cannot be easily measured directly.  Hydrologic data from the 
watersheds in this study were used to provide estimate of depression storage based on the 
following water-balance model (Kidd 1978): 
                                                   )(* 0hVPRA
V
q rain
runoff −==                                       (4) 
In this expression, q is the runoff volume for unit area [L]; Vrunoff is the runoff volume 
[L3]; Vrain is the rainfall volume [L]; h0 is the depression storage [L]; A is the watershed 
area [L2]; PR is the proportional runoff [dimensionless], or namely, runoff coefficient.   
Values of Vrunoff and Vrain were determined from the watershed data and values of 
q were plotted against Vrain.  If a linear regression line is generated according to the plot, 
the estimation of h0 would be the intercept of the regression line on the Vrain axis.   
2. Hydraulic Component – Kinematic Wave  
The hydraulic process is assumed as unsteady, nonuniform flow (Osidele et al. 
2003).  The flow is governed by the mass continuity equation and the momentum 
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equations - Saint Venant (SV) system of equations.  The kinematic wave model is a 
simplification of SV equations as follows (Akan et al 2000; Chow 1988). 
q
x
Q
t
A =∂
∂+∂
∂                                               (5) 
In the expression, A is the cross sectional area of flow normal to the direction of flow [L2]; 
t is time [T]; Q is lateral pavement sheet flow rate [L3T-1]; x is the spatial coordinate 
measured positive in the direction of flow [L]; and q is a distributed inflow [L2T-1]. 
On a unit width basis, the continuity equation can be expressed as follows 
(Cristina and Sansalone 2003). 
     I
x
q
t
h sf =∂
∂+∂
∂                                                         (6) 
In the expression, h is the water depth [L]; t is time; qsf lateral pavement sheet flow rate 
[L2T-1]; x is the spatial coordinate measured positive in the direction of flow [L]; and I is 
the rainfall intensity [LT-1].  qsf can be further expressed in terms of h as follows (French 
1985; Cristina and Sansalone 2003). 
m
sf hq α=      and 
mn
S=α                                      (7) 
In the expression, m = 5/3 for turbulent flow; α is the kinematic-wave resistance 
parameter; nm is the Manning roughness coefficient; and So is the bed slope.  The initial 
and boundary conditions are: 
h(x,0) = 0,             0 ≤ x < L                                                  (8) 
h(0,t) = 0,              0 ≤ t < ∞                                                  (9) 
where h is the depth of overland flow [L]; L is the length of watershed [:]; t is time [T].  
Certain researchers (Gilley et al. 2000; Gaur and Mathur 2003) have indicated that the 
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hydraulic resistance coefficient of overland flow, such as Manning’s roughness 
coefficient (nm) or certain alternate resistance coefficient based on the Manning’s nm 
values, varies significantly with overland flow depths.   
Particulate Constitutive Transport Model 
The physical process of particulate transport model consists of two basic parts: 
particulate entrainment and deposition, and particulate transport by overland flow.  The 
particulate matter examined in this study, typical of many urban watersheds that are 
largely paved and highly impervious, is non-cohesive (Sansalone et al 1998). 
1. Solids Entrainment and Deposition 
a. Particulate Entrainment by Flow 
A common way to simulate particulate entrainment by flow is to incorporate both 
physical processes and empirical data into a conceptual model (Freedman et al. 2001).  It 
is reasonable to assume that the erosion of particles from an impermeable surface may 
include the entrainment of particles due to the shear stress generated by the flow of water 
over the surface.  These phenomena can be modeled by assuming that the rate at which 
particles are lifted into suspension and the entrainment of particles are proportional to the 
excess of the shear stress, τ, over some critical stress, τce.  Therefore, the rate of 
entrainment of particles from the surface can be defined by equation (10).   
5.1)( crf Ke ττλττ −=                                           (10) 
Successful applications of Equation (10) have been demonstrated by Solo-
Gabriele et al. (1997) for metal transport in the Aberjona River watershed, Wuburn and 
by Tomanovic and Maksimovic (1996) for suspended solids discharge estimation on two 
small experimental catchments, one at Miljakovac-Belgrade, Yugoslavia and the other in 
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Lund, Sweden.  Similarly, the particulate entrainment rate can also be assumed to be 
proportional to the excess effective stream power (Proffitt et al. 1993), and can be defined 
by equation (11).  
5.1)( crf Ke Ω−Ω= ΩΩλ                                      (11) 
In the expression, ef is the rate of sediment entrainment by flow [ML-2T-1]; τ is the shear 
stress [ML-1T-2] and defined as gRSρ ; τcr is the critical shear stress [ML-1T-2]; Ω  is the 
effective stream power [M3/2 L-9/2 L-2/3] and defined as ( ) 3/2
2/3
h
uτ ; crΩ  is the critical 
stream power [M3/2 L-9/2 L-2/3] and defined as, 
( )
3/2
2/3
*
h
u ccrτ ; τK  and ΩK  are the flow-
induced erodibility parameters [M-1/2L-1/2T2 and M-5/4L19/4 ]; h is water depth [L]; u  is 
mean flow velocity [LT-1]; cu*  is mean critical shear velocity [LT
-1]; τλ  = 1 for τ ≥ τcr 
and τλ  = 0 for τ < τcr; Ωλ  = 1 for Ω ≥ Ωcr and Ωλ  = 0 for Ω < Ωcr.  The exponent of 1.5 
chosen in both forms is consistent with Prosser and Rustomji’s findings (2000) that 
indicate a limited range (1~1.8) for which the exponent values are defined.  Their work 
provided strong theoretical and empirical support for these findings.  
 Deterministic models based on transport capacity equations are possible as well.  
Sediment transport capacity can be basically defined as the steady-state rate of sediment 
transport obtained when the rate of entrainment equals that of deposition (Prosser and 
Rustomji 2000).  For non-cohesive sediments, the steady-state flux is also the maximum 
rate at which the flow can transport, and is therefore the sediment transport capacity of 
that flow and sediment combination.  At present, there are a number of deterministic 
transport capacity equations that have been developed based on observations in channels 
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and alluvial rivers, as listed in Table 4.1.  Overland flow, however, is quite different 
because overland flow often has a very limited depth and slopes are often one or two 
orders of magnitude higher than those encountered in alluvial channels.  Govers (1993) 
evaluated the performance of a number of formulae and found that the Low formula 
(Low 1989) was satisfactory for overland flow.  The formula is written for the general 
flow direction in any consistent unit system as equation (12).   
   scrs uDSYY
s
q ρ6.05.0 )()1(
42.6 −−=                                      (12) 
In the expression, qs is the solids discharge per unit width [ML-1T-1]; s = ρρ /s ; Y is 
dimensionless shear stress and defined as 
Ds 'γ
τ ; Ycr is the critical dimensionless shear 
stress 
Ds
cr
'γ
τ
; D is particle diameter [L]; S is average surface slope [dimensionless]; u is 
resultant velocity [LT-1]; ρs is particle density [ML-3] ; ρ is water density [ML-3]; γs’ is 
submerged specific weight as defined as g(ρs-ρ) [ML-2T-2]; τ is shear stress and defined as 
ρghS [ML-1T-2], in which h approximates the hydraulic radius; and τcr is critical shear 
stress [ML-1T-2].  Consequently, 
      
w
q
e sf =                                                    (13) 
In the expression, ef is the rate of sediment entrainment by flow [ML-2T-1]; w is the width 
of watershed [L]. 
In both conceptual and deterministic models, the estimation of critical shear stress 
is required.  Govers (1987) reported that the Shield’s Diagram is still valid for critical 
shear stress estimation for overland flow.  In this study, the empirical equation for 
Shield’s Diagram proposed by Guo (2002) was utilized.  
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Table 4.1 Examples of Fractional Calculus with α = ±1/2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fractional-order derivatives might be formally expressed as, for example, 2/1
2/1
dx
yd  . 
A fractional integral of arbitrary order α is defined as: 
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)]
25
Re4
exp(1[054.0
Re
11.0 52.0*
*
* −−+=cτ                           (14) 
In the expression, c*τ  is the dimensionless shear stress and defined as gds
c
ρ
τ
)1( −  
[dimensionless]; *Re  is particle Reynolds number and defined as υ
du*  [dimensionless]; s 
is specific gravity of sediment [dimensionless]; ρ is density of water [ML-3]; g is 
gravitational acceleration [LT-2]; d is sediment diameter [L]; *u  is shear velocity and 
defined as ρ
τ  [LT-1]; υ is the kinematic viscosity of water [L2T-1].   
 The size of particles found on impervious urban surfaces range from very fine 
suspended particles (1-25 µm) to coarser sediment-size particles (> 75 µm) that can range 
in size up to millimeter-size gravel material.  Most equations utilized for shear stress and 
steam power calculations utilize a single particle size index, a d50.  The particle size 
distributions for Baton Rouge, LA site and Cincinnati, OH site are shown in Figure 4.2.  
Once grit size material is excluded, the d50 for the Baton Rouge site is approximately 100 
µm, which is consistent with the typical value from literature (d50 = 80 - 100 µm) (Deletic 
1997) and is not significantly different from the d50 for Cincinnati site which is 
approximately 115 µm. 
b. Entrainment by Raindrop Impact  
Since overland flow is rarely greater than a centimeter deep, the potential for 
raindrop impact to affect flow hydraulics and sediment is high and the impact is found 
the highest for shallow low-energy flows on low slopes (Deletic 1997; Beuselinck et al. 
2002).  This is consistent with Vaze and Chiew’s experiments results (2003), which  
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Figure 4.2 Representative Particle Size Distribution for the Experimental Site in Baton 
Rouge, LA (d50 = 100 µm) and Cincinnati, OH (d50 = 115 µm)   
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indicated that both the turbulence created by falling raindrops and the shear stress 
imparted by surface runoff are both important in loosening the surface particles and 
suspending them in water, making them available for wash off.  
 Lopes and Lane (1988) proposed that the rate of sediment entrainment by 
raindrop impact is proportional to rainfall intensity and rainfall excess.  Akan (1982, 
2000) utilized an empirical model proposed by Bubenzer and Jones (1971).  In this study, 
sediment entrainment by raindrop impact is modeled by assuming that the rate at which 
particles are lifted into suspension by the raindrops is directly proportional to some power 
of the rainfall intensity as follows (Price and Mance 1978; Bertrand-Krajewski J. L. et al. 
1993): 
5.1iei α=                                                  (15) 
In the expression, ei is the rate of sediment entrainment by raindrop impact [ML-2T-1]; α 
is raindrop-induced soil erodibility parameter [ML-3]; i is rainfall intensity [LT-1].  The 
selection of the exponential constant of 1.5 is consistent with literature (Price and Mance 
1978; Moys et al. 1988).    
c. Sediment Deposition  
Little research has been carried out with respect to the deposition process in 
overland flow.  Freedman et al. (2001) proposed that the mass rate of sediment deposition 
(downward flux) is proportional to the product of particulate matter concentration and 
effective particle fall velocity (Mehta 1983; Freedman 2001).  
cve sd β=                                               (16) 
In this expression, ed is the rate of sediment deposition [ML-2T-1]; β is deposition 
parameter that physically represents the relationship between the deposition rate and the 
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product of particulate matter concentration and effective particle fall velocity 
[dimensionless];  vs is particle fall velocity [LT-1]; c is the sediment concentration [ML-3].  
For deposition in overland flow areas, β is assumed to be 0.50 (Lopes 1987).  In this 
study, the effect of deposition is neglected which is reasonable because of the limited 
water depth of overland flow and the relatively small roughness and surface slope.
 Therefore, it is concluded that for a paved impervious surface, the sediment 
fluxψ , which can also be called source/sink, is generally written as equation (17) with ed 
as 0. 
dif
jj
jj
j eeett
MM
dt
dMt −+=−
−−=−=
−
−
1
1)(ψ                         (17) 
In this expression, ei is the rate of sediment entrainment by raindrop impact [ML-2T-1]; ef 
is the rate of sediment entrainment by flow [ML-2T-1]; ed is the rate of sediment 
deposition [ML-2T-1]; j is the jth time step; Mj is the particle mass available on the unit 
area surface at jth time step [ML-2].  
With Mj-1 known either from the initial condition or from a previous time step 
calculation, Mj can be computed by the equation above.  However, it is noted that under 
any circumstance, Mj ≥ 0, which means if )(tψ  is calculated to be greater than zero, )(tψ  
has to be adjusted to 
1
1
−
−
− ii
i
tt
M
 and Mj = 0.  The determination of M0 involves a particle 
mass build-up process.  The key factors that may influence particle build-up at a surface 
include dust fallout, human activities, traffic, wind and erosion from unpaved areas, etc 
(Deletic 1997).  The particle build-up is usually modeled to be linear or exponential 
asymptotic with time, such as SWMM, FLUPOL, THALIA, NPS, STORM  and Servat’s 
model (Bertrand-Krajewski and Scrivener 1993).  The major disadvantage of these 
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models lies in the fact that parameters included in those models are generally very 
difficult to estimate.  Furthermore experimental results available in literatures indicate 
that they can not be definitely chosen again each other (Bertrand-Krajewski J. L. et al. 
1993).  In this study, pollutant mass available on the surface at the beginning of rainfall-
runoff events was determined from the results from previous study (Sheng and Sansalone 
2004).   
2. Particle Transport Model by Ordinary Advection-Dispersion Equation (ADE) 
The advection-dispersion equation (ADE) based on the classical Fickian law of 
dispersion applicable to isotropic media (Martin and McCutcheon 1999; Kiely 1997), is 
used to describe the transport behavior of particulate constituents (Osidele 2003).  A 
generalized ADE with a source term can be expressed in 1-D conservative form as: 
( ) )()()( 2
2
t
x
hcD
x
hcu
t
hc
x
x ψ+∂
⋅∂=∂
⋅⋅∂+∂
⋅∂                                   (18) 
 In the expression, c stands for the cross-sectional averaged pollutant concentration or the 
mass of pollutants per unit volume of runoff with dimensions of [M/L3]; h is water depth 
[L]; ux is the flow velocity in the direction of flow [LT-1]; Dx is the dispersion coefficient 
[L2T-1]; t is time [T].  The derivation sink/source term in the ADE equations is the the 
sediment flux φ , which involves particle entrainment (shear stress and raindrop), 
deposition, and particulate transport by overland flow.   
Particle Transport Model Coupled with Particle Size Distribution (PSD) 
 Effects of particle gradations on transport have been reported (Low 1989; Meijer 
et al. (2002), which are mainly in the increased transport rates of the coarse fraction with 
respect to the uniform coarse material and the availability at the bed under similar 
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conditions.  Effects of particle gradations on transport have been reported as that under 
similar conditions coarse fraction particles have larger transport rate and more 
availability at the bed.  The representative size gradations of particles from the 
watersheds in Baton Rouge, LA and Cincinnati, OH watershed are shown in Figure 4.2.  
The mass-based d50 for the Baton Rouge watershed is approximately 100 µm, which is 
consistent with the typical value from literature (d50 = 80 - 100 µm) (Deletic 1997).  The 
mass-based d50 for Cincinnati watershed is approximately 115 µm.  The physical 
properties of particles of different sizes are expected to exhibit variability and their 
transport behavior will be different (Low 1989; Meijer et al. (2002).  Consequently, 
Equation (18) was applied for separate particle sizes in order to present the mass transport 
process of the wide gradations more accurately. 
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x
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D
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i
i
xi
ixi ψ+∂
⋅∂=∂
⋅⋅∂+∂
⋅∂
                           (19) 
In the expression, ci is the mass with ith particle size remaining on the urban surface [ML-
3].  Different values of )(tiψ are expected for particulates with different sizes.  
Constituent Transport Model by Fractional Advection-Dispersion Equation (FADE) 
Since the pavement surface of an urban watershed is heterogeneous, the 
dispersion flux can be delineated by a fractional kinetic equation (Deng 2002). 
    )( 1
1
2
2
−
−
∂
∂
∂
∂=∂
∂
F
F
xx
x
c
xx
cD φ                                              (20) 
In this expression, F is the factor that physically reflects the heterogeneity of the surface, 
ranging from 1 to 2.  For isotropic media, F = 2.  In general, F = 1.4 – 2.0 for natural 
rivers (Deng 2002).  Compared to ordinary advection-dispersion equations, F is not 
necessarily an integer.  For example, a more heterogeneous surface results in a smaller F 
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parameter.  The physical significance is that the process of constituent transport during 
rainfall-runoff events is considered as a combination of the spatially distributed 
constituents accumulated on the fractal surface during the period of dry weather and 
released in a hierarchical during a rainfall-runoff event.  This concept can be expressed as 
follows for a distributed system.  
                                         ( ) )(][)()( 1
1
t
x
hc
xx
hcu
t
hc
F
F
x
x ψφ +∂
⋅∂
∂
∂=∂
⋅⋅∂+∂
⋅∂
−
−
                   (21) 
In the expression, F is the factor that physically reflects the heterogeneity of the surface.  
The corresponding fractional finite difference equation is (Deng 2002): 
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∂ −− 221                                     (22) 
In the expression, 2/)1(2 −= FFwF ; m = 1, 2, 3,…. When F = 2, the expression is 
transformed into ordinary finite difference equation: 
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The fractional advective-dispersion equation, incorporating particle size 
distribution would be: 
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Model Evaluation Procedure 
Sum of Squares of Error (SSE)  
                                                    
n
PO
SSE
i
n
i
i
2
1
)( −
=
∑
=                                               (25) 
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In the expression, O is the measured particle solids loading rate [MT-1]; P is the predicted 
particle loading [MT-1]; n is the number of sample points; the subscripts i denotes the 
sample number. 
Nash-Sutcliffe coefficient, R2 
The Nash-Sutcliffe coefficient, R2, (Nash and Sutcliffe 1970; Beldring et al. 2003; 
Freedman 2001) is used to measure the goodness-of-fit between measured and modeled 
particle concentration, and is provided in the following equation. 
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2
,,
2
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)(
1                                          (26) 
In the expression, Xi,obs is the measured value; Xi,sim is the simulated value; X  is the 
average of observed values and n is the number of observations.  The ASCE Task 
Committee on Evaluation Criteria for Watershed Models recommends the Nash-Sutcliffe 
coefficient as a goodness-of-fit criterion for evaluating continuous hydrograph (or 
particle concentration graph) model performance (ASCE 1990).  When the simulated and 
observed values correspond well, the coefficient lies between 0.5 and 1.0, where 1.0 
represents a perfect comparison.  It is noted that SSE and R2 are basically equivalent, 
although R2 is chosen in this study because it is normalized and provides better relative 
comparison.   
RESULTS AND DISCUSSIONS 
Overland Flow Surface Roughness 
 The response curves, which are defined as the Nash-Sutcliffe coefficient versus 
different Manning’s coefficient curves, are shown in Figure 4.3 and 4.4 for the Baton  
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Figure 4.3 Response Curve for Manning Coefficient nm with Nash-Sutcliffe Coefficient, 
R2 for Baton Rouge, LA Site 
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In the expression, Xi,obs is the measured value; Xi,sim is the simulated value. X  is the 
average of observed values and n is the number of observations. 
 
I
x
q
t
h sf =∂
∂+∂
∂  
In the expression, h is the water depth [m]; t is time; qsf lateral pavement sheet flow rate 
[m2/s]; x is the spatial coordinate measured positive in the direction of flow [m]; and I is 
the rainfall intensity [mm/hr]. 
qsf can be further express in terms of h as follows (French 1985, Cristina and Sansalone, 
2003). 
m
sf hq α=      and 
mn
S=α  
In the expression, m = 5/3 for turbulent flow; α is the kinematic-wave resistance 
parameter; nm is the Manning roughness coefficient; So is the bed slope. 
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Figure 4.4 Response Curve for Manning Coefficient nm with Nash-Sutcliffe Coefficient, 
R2 for Cincinnati, OH Site 
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In the expression, Xi,obs is the measured value; Xi,sim is the simulated value. X  is the 
average of observed values and n is the number of observations. 
I
x
q
t
h sf =∂
∂+∂
∂  
In the expression, h is the water depth [m]; t is time; qsf lateral pavement sheet flow rate 
[m2/s]; x is the spatial coordinate measured positive in the direction of flow [m]; and I is 
the rainfall intensity [mm/hr]. 
qsf can be further express in terms of h as follows (French 1985, Cristina and Sansalone, 
2003). 
m
sf hq α=      and 
mn
S=α  
In the expression, m = 5/3 for turbulent flow; α is the kinematic-wave resistance 
parameter; nm is the Manning roughness coefficient; So is the bed slope. 
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Rouge and Cincinnati watersheds, respectively.  From these response curves Manning’s 
coefficient was determined for each watershed surface.  For the paved Baton Rouge 
watershed it was determined that nm = 0.015 and for the paved Cincinnati, OH watershed 
it was determined that nm = 0.011.  The difference between two calibrated coefficients is 
reasonable because Manning’s coefficient is an index of surface roughness.  The Baton 
Rouge watershed is concrete-paved, while the Cincinnati watershed is asphalt-paved.  
Generally the roughness of asphalt surface is less than that of concrete surface.  
 Figure 4.5 and Figure 4.6 illustrate the agreement between the measured and 
modeled hydrograph for Baton Rouge, LA watershed and Cincinnati, OH watershed, 
respectively.  Measured and modeled results demonstrate good agreement for the 
proposed hydrological model.    
Mass Transport Model 
 When the conceptual particulate entrainment model was utilized, there were two 
parameters that required calibration, that is α for raindrop impact and KΩ or Kτ for 
overland flow entrainment.  As pointed out by Freedman et al. (2001), these types of 
conceptual models always encounter difficulties in identifying the empirical parameters 
because there conceptual models always involve a number of parameters to calibrate and 
the interaction between those parameters even deteriorate the situation.  This was 
overcome by incorporation of a deterministic model for particle entrainment by overland 
flow.  In that case, it is better to call the entire model a semi-deterministic-conceptual 
model because the raindrop impact still remains conceptual.  There was only one 
parameter α left to calibrate and the corresponding identification curve shown in Figure 
4.7, indicated that α was calibrated as 5.3 for Baton Rouge watershed and 0.2 for 
Cincinnati watershed.   
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Figure 4.5 Measured and Modeled Storm Flow Loading Rate of Three Representative 
Events Captured at Baton Rouge, LA Site 
 
The concrete-paved site is 44.6-m long, 12.2-m wide, with a total area of 544-m2 (5853-
ft2). The paved catchment slope is 2.0%.   
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Figure 4.6 Measured and Modeled Storm Flow Loading Rate of Three Representative 
Events Captured at Cincinnati, OH Site 
 
The asphalt-paved site is 20-m long, 15-m wide, with a total area of 300. The paved 
catchment slope is 2.0%.  
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Figure 4.7 Response Curves for Mass Transport Model for Baton Rouge, LA and 
Cincinnati, OH Sites 
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 The observed and simulated pollutographs for Baton Rouge, LA watershed and 
Cincinnati, OH watershed, are shown in Figure 4.8 through 4.11, respectively.  Based on 
the Nash-Sutcliffe coefficient the agreement between measured data and modeled results 
was fair when a d50 index was utilized and agreement improved when the entire mass-
based size gradation was included.  While the modeled results based on a d50 index were 
able to replicate the basic shape of the pollutographs there were cases where the results 
did not replicate more complicated patterns of multiple pollutographs and approximated 
the peak loading rate.  Modeled results based on the entire gradation were able to more 
closely replicate the more complicated patterns of multiple pollutographs including the 
durations, arrival times and peak loading rates.   
 The calibration curves for F in Equation (21) are shown in Figure 4.12.  By 
maximizing a Nash-Sutcliffe coefficient R2 a value of F = 1.6 was determined for both 
for Cincinnati and Baton Rouge coincidentally despite the difference in pavement 
material.  The F value was slightly higher than the typical values for natural rivers in the 
literature, which can be explained by the relatively higher roughness in the bed of natural 
rivers.  However, it is noted that the effect of F value is not as significant in Cincinnati 
watershed as in Baton Rouge watershed.  One possible reason may be the relatively 
higher roughness of concrete pavement (the pavement material for the Baton Rouge 
watershed) as compared to that of the asphalt pavement (the pavement material for the 
Cincinnati watershed). 
 There is still some difference between measured and modeled pollutographs 
which may result from the model simplification.  For example, the simplification of 
raindrop impact may be one of the reasons.  It is reported that the relative magnitude of 
the raindrop impact varies with time, that is, the energy of falling raindrops in detaching  
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Figure 4.8 Measured and Modeled Total Particles Loading Rate for the Baton Rouge, LA 
Site 
 
The concrete-paved site is 44.6-m long, 12.2-m wide, with a total area of 544-m2 (5853-
ft2). The paved catchment slope is 2.0%.   
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Figure 4.9 Measured and Modeled Total Particles Loading Rate Incorporating Particle 
Size Distribution (1~4750 µm) for the Baton Rouge, LA Site 
 
The concrete-paved site is 44.6-m long, 12.2-m wide, with a total area of 544-m2 (5853-
ft2). The paved catchment slope is 2.0%.   
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Figure 4.10 Measured and Modeled Total Particles Loading Rate for the Cincinnati, OH 
Site  
 
The asphalt-paved site is 20-m long, 15-m wide, with a total area of 300. The paved 
catchment slope is 2.0%. 
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Figure 4.11 Measured and Modeled Total particles Loading Rate Incorporating Particle 
Size Distribution (1~4750 µm) for the Cincinnati, OH Site 
 
The asphalt-paved site is 20-m long, 15-m wide, with a total area of 300. The paved 
catchment slope is 2.0%. 
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Figure 4.12 Determination of F Value in Fractional Advection-Dispersion Equation for 
Baton Rouge, LA Site and Cincinnati, OH Site 
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In the expression, F is the factor that physically reflects the heterogeneity of the surface, 
ranging from 1 to 2. 
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the surface pollutants is very important at the start of an event and is less dominant as the 
availability of easily detachable and transportable fractions of the surface particulates 
commonly decrease over the event duration (Vaze and Chiew 2003).  Dijk et al. (2003) 
found that overall storm kinetic energy correlated reasonably well with sediment 
transport, but much better agreement was obtained when a threshold rainfall intensity was 
introduced, which could be conceptually similar to the critical shear stress in simulation 
of flow particulate Entrainment.  Since in Baton Rouge watershed, the introduction of 
fractional advection dispersion equation did improve the mass transport simulation, while 
the effect of that is not significant for Cincinnati watershed, further investigation using 
data from other watersheds is required to verify the applicability of fractional advection 
dispersion equation in urban rainfall-runoff modeling.   
CONCLUSIONS 
 A semi-empirical particulate transport model, incorporating both shear stress 
equations and rain drops effects, was developed to simulate non-cohesive anthropogenic 
particulate transport processes in rainfall-runoff events from two similar small urban 
paved watersheds.  A fractional advection-dispersion model intended to account for 
particle transport impacted by watershed surface characteristics was investigated and 
results indicated that the effect of this fractional behavior was significant for Baton 
Rouge watershed, but not for the Cincinnati watershed.  The value of F was calibrated as 
1.6 for the Baton Rouge watershed.  The hydrologic model was developed from 
kinematic wave model and Manning’s coefficient is the only parameter to be calibrated.  
The particulate matter mass transport was developed from ordinary advective-dispersion 
equation and contained only one calibrating parameter – raindrop-induced coefficient α.  
Parameters in the proposed mass transport model were calibrated with a Nash-Sutcliffe 
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coefficient response curve.  Event-based predictions based on the hydrologic and mass 
transport models were demonstrated by comparing modeled and measured data from the 
similar watershed in Baton Rouge, LA (544-m2) and Cincinnati, OH (300-m2).  Good 
agreement between hydrologic model results and measured hydrologic data was 
demonstrated for both watersheds.  With respect to particulate matter transport, modeled 
results based on constitutive relationships that included the entire particulate size 
gradation, PSD (suspended, settleable and sediment fractions) were able to more closely 
replicate complexities of multiple particulate loading pollutographs from both watersheds 
as compared to use of a single d50 particle size index for the entire gradation.  Specifically, 
the inclusion of the entire PSD allowed the shape, peak and arrival times of individual 
and multiple pollutographs to be better simulated throughout rainfall-runoff events at 
both watersheds.  The incorporation of the PSD improved simulation results for the mass 
transport model in comparison to a single d50 index given the wide PSD and since 
different size ranges of the PSD exhibit differing transport behavior.  In part, differences 
between measured and modeled pollutographs may be due to simplification of the 
raindrop impact component of the mass transport model.  It is reported that the relative 
magnitude of the raindrop impact varies with time, that is, the energy of falling raindrops 
in detaching the surface pollutants is very important at the start of an event and is less 
dominant as the availability of easily detachable and transportable fractions of the surface 
particulates commonly decrease over the event duration (Vaze and Chiew 2003).  Dijk et 
al. (2003) found that overall storm kinetic energy correlated reasonably well with 
sediment transport, but much better agreement was obtained when a threshold rainfall 
intensity was introduced, which could be conceptually similar to the critical shear stress 
in simulation of flow particulate Entrainment.  Further investigation is necessary for 
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study the feasibility of fractional advection-dispersion model for rainfall-runoff process 
over urban surfaces because of the seemingly conflicting results in two experimental 
watersheds.  The semi-deterministic-conceptual model provides a tool to simulate non-
cohesive particulate matter loadings to receiving waters and rainfall-runoff unit 
operations and processes in small urban watersheds.   
DESIGN EXAMPLE 
1. During the entire rainfall-runoff events, take samples at a certain time interval and 
measure both water quantity and quality indices, such as runoff flow rate, rainfall 
intensity, sample suspended solids concentration (SSC) for each sample.  At the same 
time, record rainfall intensities during rainfall-runoff events. 
2. Determine Vrunoff and Vrain values from measured water quantity data for several 
rainfall-runoff events.  Plot values of q (defined as 
A
Vrunoff ) against Vrain.  Generate a 
linear regression line and the estimation of depression storage h0 is the intercept of the 
regression line on the Vrain axis.   
3. Calibrate the Manning coefficient nm in the distributed hydrologic model, Equation (5) 
and (6).  A number of different values of nm are substituted into the distributed model 
and therefore the outflow rates are calculated.  For each nm, the corresponding R2 
based on the difference between the calculated and measured flow rates is estimated.  
The calibrated value for nm is chosen based on the response curve of R2.   
4.  Calibrate the raindrop impact coefficient α in the distributed mass transport model: 
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A number of different α values are substituted into the distributed model and 
therefore the outflow pollutant loading rates are calculated.  For each different α 
value, the corresponding R2 based on the difference between the calculated and 
measured outflow pollutant loading rates is estimated.  The calibrated value for α is 
chosen based on the response curve of R2.   
For each time step, the pollutant mass remaining on the surface is estimated.  When 
the mass is less than the value calculated by the model, )(tψ  has to be adjusted to 
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M
 and Mj = 0.  The determination of M0 is proposed to follow the 
methodology reported from previous study (Sheng and Sansalone 2004).   
 
NOMENCLATURE 
 
A  : cross sectional area of flow normal to the direction of flow [m2];  
t  : time;  
Q  : lateral pavement sheet flow rate [L3T-1];  
x  : spatial coordinate measured positive in the direction of flow [m];  
q  : a distributed inflow [m2/s]; 
h  : water depth [m]; 
qsf  : lateral pavement sheet flow rate [m2/s];  
I  : rainfall intensity [mm/hr]; 
α  : kinematic-wave resistance parameter;  
nm  : Manning roughness coefficient;  
So  : bed slope; 
L  : length of watershed [m];  
Vrunoff  : runoff volume [L3];  
Vrain  : rainfall volume [L];  
h0  : depression storage [L];  
A  : impervious watershed area [L2];  
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PR  : proportional runoff [dimensionless]; 
C  : constituent concentration [ML-3];  
D  : dispersion coefficient [L2T-1];  
Ps  : source/sink term [ML-3T-1]; 
qs  : solids discharge per unit width;  
s : specific gravity of sediment, s = ρρ /s ;  
Y  : dimensionless shear stress and defined as 
Ds 'γ
τ ;  
Ycr  : critical dimensionless shear stress Ds
cr
'γ
τ
; 
D  : grain diameter;  
S  : average surface slope;  
u  : resultant velocity;  
ρs  : particle density;  
ρ  : water density;  
γs’  : submerged specific weight as defined as g(ρs-ρ);  
τ  : shear stress and defined as ρghS in which h approximates the hydraulic radius; 
τcr  : critical shear stress; 
w  : width of watershed [L]. 
c*τ   : dimensionless shear stress and defined as gds
c
ρ
τ
)1( − ;  
*Re   : particle Reynolds number and defined as υ
du* ; s 
g : gravitational acceleration;  
d : sediment diameter;  
*u  : shear velocity and defined as ρ
τ ;  
υ  : kinematic viscosity of water; 
ei  : rate of sediment entrainment by raindrop impact [ML-2T-1];  
α  : raindrop-induced soil erodibility parameter [LT];  
i  : rainfall intensity [LT-1]; 
ef  : rate of sediment entrainment by flow [ML-2T-1]; 
Mj  : solids available on the unit area surface at jth time step [ML-2]; 
Ci  : mass with ith particle size remaining on the urban surface [ML-3]; 
F  : factor that physically reflects the heterogeneity of the surface, ranging from 1 to  
              2;  
O  : observed suspended solids loading rate [mg/s];  
P  : predicted suspended solids loading [mg/s];  
n  : number of sample points; 
Xi,obs  : measured value;  
Xi,sim  : simulated value;  
X   : average of observed values and n is the number of observations. 
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CHAPTER 5. A UNIT POLLUTOGRAPH ANALOG TO UNIT HYDROGRAPH 
THEORY FOR SMALL CATCHMENTS 
 
SUMMARY 
 Cognition and prediction of urban rainfall-runoff constituent mass delivery 
processes are essential for urban rainfall-runoff quantity and quality control design.  In 
this study, the concepts of a Unit Pollutograph (UP) and Instantaneous Unit Pollutograph 
(IUP) were derived as analogous concepts to the Unit Hydrograph (UH) and 
Instantaneous Unit Hydrograph (IUH) for prediction of constituent mass transport from 
small urban watersheds.  Pollutant yield relationships based on mass-limited and flow-
limited event behavior were developed and applied for rainfall-runoff events captured 
from a paved 544-m2 urban Baton Rouge site and 300-m2 urban Cincinnati site.  These 
events were characterized for hydrologic and water quality behavior.  Based on these 
concepts a site mean IUH and IUP and corresponding site mean UH and UP were 
developed from 8 rainfall-runoff events recorded at an experimental site in Baton Rouge, 
LA.  Once the conceptual analogy was shown to be valid for Baton Rouge, LA, the 
analogy and process were applied with success to the similar site in Cincinnati, OH.  
Hydrographs and pollutographs generated by convolution of the UH and UP compared 
well with the measurements, indicating the feasibility of the conceptual analogy and 
proposed process. 
INTRODUCTION 
Development of our impervious built environments and anthropogenic activities 
in these environments have very real water management consequences.  It is now 
recognized that many of these consequences involve coupled loadings and responses for 
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water quantity and quality.  Managing urban water control effectively requires adoption 
of integrated hydrologic and water quality concepts.  Rainfall-runoff modeling is an 
important aspect of urban water management.  Modeling provides essential information 
needed for a variety of problems including watershed management, hydrological 
engineering design of hydraulic structures and others.  There are numerous hydrological 
rainfall-runoff models of varying degrees of sophistication.  Among them, the unit 
hydrograph model is one of the most widely applied hydrological engineering tolls for 
rainfall-runoff analysis and plays a critical role in predicting runoff hydrograph. 
In addition to water quantity issue, rainfall-runoff quality control has become 
increasing critical nowadays.  Discharges from non-point sources such as agricultural and 
urban rainfall-runoff have been gradually recognized as major causes of pollution of 
surface waters over the last several decades (Akan et al. 2000).  Polluted rainfall-runoff is 
reported as a leading cause of impairment to nearly 40% of U.S. water bodies which do 
not meet water quality standards (USEPA 1996).  Information concerning the form of the 
pollutograph (graph of pollutant flux versus time) associated with a rainfall-runoff 
hydrograph is essential for pollutant yield assessment, and further for urban rainfall-
runoff control design.  Due to the absence of intensive pollution monitoring programs in 
many drainage basins, methodologies are needed for prediction or modeling procedures 
to estimate pollutant response during rainfall-runoff events.  The significant challenges of 
predicting delivery of water quality constituents using economical measurement such as 
rainfall and being able to simulate such input loadings for in-situ unit operations and 
processes (UOPs) are of critical importance.  
OBJECTIVES 
There were four major objectives in this study.  These objectives were developed 
utilizing event-based hydrologic and water quality data collected from a paved 544-m2 
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urban Baton Rouge catchment and a paved 300-m2 urban Cincinnati catchment.  The first 
objective was to examine unit hydrograph (UH) and instantaneous unit hydrograph (IUH) 
concepts and develop a methodology to generate rainfall-runoff hydrographs from the 
UH and IUH for small paved urban catchments.  Utilizing the UH and IUH framework, 
the second objective was to derive a series of analogous concepts: the unit pollutograph 
(UP) and instantaneous unit pollutograph (IUP) and a methodology to generate catchment 
pollutographs from the UP and IUP.  In order to support these pollutograph concepts a 
third objective required development of mass yield relationships for pollutograph 
generation based on rainfall-runoff data.  Pursuant to the development of these 
pollutograph concepts the fourth objective was to evaluate measured and modeled 
rainfall-runoff and suspended sediment concentration (SSC) for these two similar 
catchments based on application of a synthesized UH and UP for each catchment in order 
to demonstrate the feasibility of these concepts for modeling observed pollutographs.  
METHODOLOGY 
Urban Catchment Sites 
Two similar catchments were examined in this study.  Both catchments were 
completely paved, of similar slope, of similar geometry and of a single urban land use 
loading, primarily transportation.  The pollutograph concepts were developed for a Baton 
Rouge, LA catchment and verified for the similar Cincinnati catchment.  The 
instrumented Baton Rouge catchment was concrete-paved with a length of 44.6 m length 
and a width of 12.2 m, encompassing a drainage area of 544 m2 (5853-ft2).  The 
instrumented Cincinnati catchment was asphalt-paved and consisted of a single paved 
area with a length of 20 m and width of 15 m.  A schematic plan view of each catchment 
and catchment details are illustrated in Figure 5.1.  
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Figure 5.1 Plan View of Experimental Sites (not to scale NTS) 
 
a. Site in urban Baton Rouge, Louisiana. Runoff is generated from a 544-m2 section of 
PCC pavement and collected from the lower expansion joint. The pavement 
catchment is 12.2-m wide by 44.6-m long, with a tangential slope of 2.02%. Arrows 
indicate the direction of flow. All flow is captured from the lower expansion joint and 
catch basin.  
 
b.  Site in urban Cincinnati, Ohio. Runoff generated from a 300-m2 section of asphalt 
pavement is collected at the edge of the pavement. The pavement catchment is 20-m 
wide by 15-m long, with a transverse slope of 2% across the length of the pavement 
and a longitudinal slope of 0.04%. Arrows indicate the direction of flow. All flow is 
captured from the 300-m2 area at the edge of the pavement in an epoxy-coated flume.  
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The average daily traffic volume (ADT) for the east-bound catchment in Baton Rouge, 
LA was 70,400 with a mean annual precipitation of 1460 mm/year.  The ADT at the 
Cincinnati, OH site was 115,000 passenger vehicles and 15,000 commercial vehicles 
from the south bound lanes (Sansalone and Buchberger 1997).  Cincinnati receives on 
average 1,020 mm of rainfall and 420 mm of snow per year (Sansalone and Buchberger 
1997).   
Rainfall-Runoff Sampling and Quality Analysis  
Runoff generated from these catchments was in the form of lateral pavement sheet 
flow.  For each site, sheet flow from each catchment was collected at the downstream 
edge of the paved catchment by a sloped trough that spanned the full width of the 
catchment.  Trough conveyance geometry was similar for each catchment in that the 
outflow low-point of each trough system was at the center of the catchment width.  These 
circular PVC troughs were hydraulically steep (≥ 6%) and residence time in either trough 
was on the order of seconds compared to median residence time of each catchment which 
was on the order of minutes.   
Flow data was generally measured in 1 minute interval and rainfall was recorded 
at each catchment using tipping bucket rain gages.  The rain gage located at each 
catchment recorded rain data in increments of 0.01 inches.  Samples were obtained 
manually, generally at 2 minutes to 10 minutes increments throughout the flow duration 
of the event.  The entire cross-section of flow was sampled, paired replicate samples 
obtained for each sampling time and sample volumes ranged from 1 L to 12 L depending 
on the specific event and the scope of water quality analysis.  Volumes larger than 1 L 
were required when particulate solids gradations were examined incrementally in contrast 
to a single gravimetric measurement such as suspended sediment concentration (SSC).  
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Details of the sites, sampling, analyses and QA/QC are detailed elsewhere (Sansalone and 
Buckberger 1997; Sansalone et al. 1998; Dean et al. 2004; Sansalone et al. 2004).  
Unit Hydrograph Development (UH) 
 In order to provide a conceptual basis for the UP and IUP, a unit hydrograph 
framework is briefly presented.  The concept of unit hydrograph (UH) was first proposed 
by L. K. Sherman (Sherman 1932) and the term “unit” originally referred to a unit of time.  
However, the UH concept has developed such that “unit” refers instead to a unit depth of 
excess rainfall (Tomic and Burian 1998).  A unit hydrograph is defined as a direct runoff 
hydrograph (DRH) resulting from 1 unit (in or cm) of excess rainfall generated uniformly 
over the drainage area at a constant rate during a specific rainfall duration (Chow 1988) 
and the word “unit” refers to a unit depth of excess rainfall.  Although potentially limited 
by the implicit assumptions that the rainfall-runoff response of watersheds are linear, 
time-invariant and deterministic, unit hydrographs have been successfully utilized to 
predict surface runoff and are widely used in hydrologic designs (Chow 1988; Wilson 
and Brown 1992).  In UH theory, the watershed is considered as the system, the excess 
rainfall hyetograph (ERH) as the input loading, the direct runoff hydrograph (DRH) as 
the watershed output response and UH being the kernel function.  The discrete 
convolution relationship that relates the ERH, DRH and UH can be written as follows 
(Chow 1988). 
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1                                      (1) 
In this expression, Pi is the ith ordinate of the ERH (i = 1, 2, 3, …, M) where M is the 
number of ERH ordinates; Qj is the jth ordinate of the DRH (j = 1,2,3,..N) where N is the 
number of DRH ordinates; and UHr is the rth UH ordinates characterizing the rainfall-
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runoff relation for the watershed, r = j – i + 1.  The total number of UH ordinates is N - 
M+1.  Given the measured ERH and DRH from a rainfall-runoff event, Equation (1) was 
used to derive the corresponding UH.  The derived UH, in turn, was used to predict the 
DRH of a rainfall-runoff event with the ERH known. 
Techniques to Develop a Composite UH from Multiple Rainfall-Runoff Events 
 It has been found that unit hydrographs derived from different rainfall-runoff 
events may exhibit variability for a given catchment (Snyder 1938; Mawdsley and Tagg 
1981; Zhao et al. 1994; Tomic and Burian 1998).  Previous studies that identify such 
variability indicate possible reasons include random errors in the observed rainfall-runoff 
records, spatial and temporal variability of the precipitation, changes in catchment 
characteristics between events and varying deviation from the assumptions of linearity 
and superposition and multi-colinearity problem (Mawdsley and Tagg 1981; Bruen and 
Booge 1984; Dooge and Bruen 1989; Tomic and Burian 1998).  In many cases, 
determining a composite UH from multiple rainfall-runoff events for a catchment has 
been based on overlaying unit hydrographs for different rainfall-runoff events and fitting 
the composite UH, such that the UH shape represents the other UHs for each rainfall-
runoff event (Tomic and Burian 1998).  Generally adjustments to the composite UH 
shape are necessary to make sure that the area under the composite UH is equivalent to 
the product of 1 unit of excess rainfall and the drainage basin area, as required by UH 
theory.  
 Another technique, simple aggregation, involves averaging the unit hydrograph 
ordinates derived from each rainfall-runoff event to aggregate them into the composite 
UH (Mawdsley and Tagg 1981; Linsley et al., 1982; Tomic and Burian 1998).  This 
simple averaging method has shortcomings, such as the occurrences of possible ‘loss’ of 
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peak runoff off rate and an unacceptable shape for the composite UH in cases when the 
time of peak of the unit hydrographs varies (Linsley et al., 1982; Singh 1988; Tomic and 
Burian 1998).  Tomic and Burian (1998) proposed a normalized averaging (NA) 
algorithm for aggregating UHs that improves upon the simple averaging technique 
without increasing the difficulty in application.  The improvements by the normalization 
lie in the fact that the possible problems stated above resulting from unaligned unit 
hydrograph peaks can be avoided.  This algorithm normalizes the UH time ordinates with 
respect to the average time to peak prior to aggregation.   
 Other studies have proposed alternative, more complex approaches, termed the 
multi-event techniques, which combines all the available rainfall-runoff data and then 
analyze those data simultaneously to determine a UH without derivation of individual 
unit hydrographs for each event.  Proposed techniques include a linear programming 
method (Mays and Coles 1980), nonlinear programming (Mays and Taur 1982, Unver 
and Mays 1984) and least-squares optimization (Diskin and Boneh 1975; Zhao and Tung 
1994).  All of these multi-storm techniques are cumbersome, computationally intensive 
and fairly complex compared to the individual storm techniques and are expected to 
provide a higher level of accuracy.  It is found out that these multi-event methods are 
fairly consistent in terms of accuracy, with linear programming and least squares 
optimization producing slightly more accurate results under different scenarios (Singh 
1988; Tomic and Burian 1998).  
 There are both advantages and disadvantages for single storm techniques and 
multi-storm techniques.  Compared to simple averaging technique, multi-storm 
techniques lead to slightly higher accuracy but much more computation requirement.  
There is no specific criterion which technique we should choose.  In practice, 
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composition of a UH by simple aggregation through fitting or simple averaging 
techniques are still prevalent because these techniques are easily applied and these 
simpler methods provide acceptable results when applied correctly.  In this study, simple 
averaging technique was utilized for simplicity.   
Derivation of Unit Hydrograph (UH) from Instantaneous Unit Hydrograph (IUH) 
 The instantaneous Unit Hydrograph (IUH) is a theoretical impulse response 
hydrograph, which assumes that the excess rainfall is of unit amount and the excess 
rainfall duration is infinitesimally small.  Although this impulse cannot be realized in 
actual catchments, the concept is useful because the IUH characterizes the catchment’s 
response to rainfall without reference to the rainfall duration (Chow 1988).  The IUH can 
be determined by various methods.  These methods include mathematical inversion, 
using, for example, orthogonal functions such as Fourier series or Laguerre functions; 
integral transforms such as Laplace transform, the Fourier transform and the Z transform; 
and mathematical modeling related to catchment geomorphology (Diskin and Doneh 
1975; Rodriguez-Iturbe and Valdes 1979; Jain and Sinha 2003).  A common IUH concept 
was proposed by Nash (1957), in which the catchment IUH is represented by a series of 
n-identical linear reservoirs as shown in (2).  
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 In this expression, IUH(t) is the ordinates of the IUH [T-1]; k is the coefficient of storage 
of each linear reservoir [T]; and n is the number of reservoirs.  The corresponding S-
hydrograph for the series of n-identical linear reservoirs is shown in (3).              
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tnG  is the ratio of the incomplete gamma function to the gamma 
function, while the incomplete gamma function is defined as: 
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Therefore a UH of any specified duration can be obtained from the Nash IUH as follows.  
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The Nash IUH given in Eq. (2) is a gamma probability density function with parameters n 
and k.  Nash (1957; 1958) presented the method of moments in a simplified form to 
estimate n and k from observation of excess rainfall of duration t and corresponding 
direct runoff. 
                                                    nkPQ =− )()( 11 µµ                                                        (6) 
                                                  2122 )1()(2)()( knnPnkPQ +=−− µµµ                          (7) 
In these expression, )(Qrµ  is the rth moment of the DRH about the time origin divided 
by total DRH, )(Prµ  is the rth moment of the ERH about the time origin divided by total 
ERH and rth moment is defined as: 
    ∫= dxxxfx rr )()(µ                                                           (8) 
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In the expression, f(x) is the probability distribution of x.  Other estimation methods 
include the rigorous least squares method (Nash 1957; Beck and Arnold 1977) and 
maximum likelihood (Gray 1961).  Haktanir and Sezen (1990) equated the peaks of 
simulated and observed IUHs as estimates of n and k.  Boufadel (1998) proposed an 
improved parameter estimation approach based on nonlinear constrained optimization. 
 However for each event pair of excess rainfall and direct runoff, the 
corresponding IUH, in general, is different from each other (Johnstone and Cross 1949; 
Diskin and Boneh 1975).  The differences between IUHs are often quite significant. Two 
reasons have been advanced to explain the non-uniqueness of the IUH: (1) errors in 
observations of either or both input and output data; (2) the watershed behavior is either 
not linear or not stationary or both (Diskin and Boneh 1975).  Several methods have been 
proposed for averaging the different IUHs obtained for a given watershed from a number 
of rainfall-runoff events.  These include visually assessing an average line through the set 
of IUH curves plotted with a common time origin or with common location of the peak 
ordinate; averaging corresponding ordinates of the curves with or without assignment of 
weights to individual rainfall-runoff events; or averaging the values of parameters of the 
Equation (2) describing each of the IUHs obtained (Diskin and Boneh 1975).  All of the 
multi-storm techniques proposed for unit hydrograph determinations are applicable for 
IUH, except that in these cases the unit hydrograph ordinates are derived from IUH, 
instead of being directly derived from excess rainfall and direct runoff.  
A Unit Pollutograph (UP) Definition 
 The ability to model entrained particulate delivery (through measurements of total 
suspended solids, TSS or SSC) during rainfall-runoff events is an important asset to 
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provide necessary input loadings for unit operations and processes (UOPs).  Entrained 
particulates can be pollutant themselves and substrates for other pollutants (Banasik and 
Walling 1996).  One conceptual tool that can be used in this task is the unit pollutograph.     
 In studies of a 39 km2 watershed, Rendon-Herrero (1974; 1978) proposed the use 
of a unit sedimentgraph (USG) which was defined as the distribution graph of suspended 
sediment flux resulting from one unit of sediment yield produced in the watershed by 
rainfall of a given duration.  The USG ordinates were obtained by dividing the event 
sediment discharge, expressed in mass per time units [M/T] by the total sediment yield 
for the event, expressed in mass per unit area [M/L2].  The ordinates of the USG have the 
dimensions of area and time [L2/T].  In this study, a similar definition is proposed for the 
UP; that is a distribution graph of pollutant flux resulting from one unit of pollutant yield 
(in this case SSC) produced in the catchment by rainfall of a given duration, with 
ordinates obtained by dividing the rainfall-runoff pollutant discharge by the total 
pollutant yield for the event.  Similar to UH theory, some variability in a composite UP 
would be expected for different rainfall-runoff events, different durations and different 
loading characteristics from complex watersheds.  Additionally while this definition of a 
UP is simple and easy to understand, the complex nature of the pollutant mass delivery 
process even in simple, well-defined, single land use watersheds may require multiple 
yield relationships as part of a UP framework.  For example, yield relationships based on 
mass or flow limited behavior may be necessary in small catchments.  
Instantaneous Unit Pollutograph (IUP) 
 In 1978, Williams proposed a definition of an instantaneous unit sedimentgraph 
(IUSG), that is, the distribution of the suspended sediment load generated by an 
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instantaneous spike of rainfall producing one unit of runoff (Williams 1978).  Combined 
with suspended sediment concentration distributions (SCD), sediment graphs were 
predicted by convolution of an IUSG with actual sediment data that describe the 
changing concentration of sediment supply (Williams 1978; Sharma and Murthy 1996).  
 Another definition of the instantaneous unit sedimentgraph (IUSG) is the time 
distribution of suspended sediment flux associated with an instantaneous spike of rainfall 
producing one unit of sediment (mass), instead of one unit of runoff as in Williams’s 
definition (Banasik and Walling 1996).  Similarly, this study defines an instantaneous 
unit pollutograph (IUP) as the time distribution of pollutant flux associated with an 
instantaneous spike of rainfall producing one unit of pollutant (mass) in this case SSC.  
The IUP therefore represents the product of the instantaneous unit hydrograph and the 
pollutant concentration distribution (PCD). 
                                                             tctIUHtIUP )()( =                                              (9) 
In the expression, IUP(t) are the IUP ordinates, IUH(t) are the IUH ordinates and ct 
represents the PCD ordinates.  The IUP proposed is analogous in form to the Nash IUH 
(1957) and the PCD follows a dimensionless first order equation (a dimensionless 
pollutant concentration distribution, DPCD), similar to a dimensionless sediment 
concentration distribution (DSCD) (Banasik and Walling 1996). 
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In this expression, B is the sediment routing parameter (T-1) and t is time (T).  
 Therefore IUP ordinates can be computed as follows (Banasik and Walling 1996): 
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In the expression, IUP(t) are the IUP ordinates (T-1).  It has been found that when B 
approaches zero, the shape of the IUP and IUH will be the same (Banasik and Walling 
1996).  The relationship between lag time of runoff hydrograph and pollutograph and 
those parameters are (Banasik and Walling 1996). 
                                                                   knt H =50                                                      (12) 
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In the expression, t50H is the lag time of runoff hydrograph; t50P is the lag time of 
pollutograph.  Lag time is generally defined as the time between the occurrence of a 
phenomenon and its resulting effect.  Therefore t50H is the time difference between the 
centroid of rainfall hyetograph and runoff hydrograph.  t50P is the time difference between 
the centroid of pollutant yield graph and pollutograph.  Since the IUH parameters (n and 
k) can be estimated from the measured hydrologic analysis, according to Equation (12) 
and Equation (13) and the lag time for the pollutograph, t50P can be estimated from 
measured water quality data, the routing parameter B can be estimated by Equation (13). 
Pollutograph Prediction Methodology 
 The pollutograph may be computed by convolution of the UP with pollutant yield 
graphs.  In this study, the pollutant of interest is suspended sediment concentration (SSC).  
The unit pollutograph UP, which is derived from the IUP, and expresses the temporal 
distribution of pollutant transport at the outlet of the watershed associated with 1 unit of 
SSC mass produced by effective rainfall falling in time interval t∆ . 
                            ∫
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In this expression, UPk are the ordinates of the UP [T-1]; t∆  is time step used in 
computation [T], IUP(τ) are the ordinates of IUP computed from Equation (11).  The 
pollutograph may be computed by the following convolution. 
                                ∑
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kji UPYdP  for k = i-j+1, i = 1, 2, … m+n’-1                   (15) 
In the expression, Pi are the ordinates of pollutograph [MT-1], m is the number of IUP 
ordinates, n’ is the number of time increments in the pollutant yield graph; jYd∆  are the 
pollutant yield at each time increment [M]. 
Derivation of Pollutant Yield of Each Time Increment Yd∆   
 According to Equation (15), it is critical to accurately predict pollutant constituent 
yield at each time increment for successful application of the concept of instantaneous 
unit pollutograph (IUP).  Banasik and Walling (1996) proposed four relationships as 
follows: 
Relationship I:                                       bpdd QVaY )(=                                                  (16) 
Relationship II:                                      bd aRY =                                                            (17) 
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In these expressions, Yd is total pollutant yield for the entire event [M]; Vd is total direct 
runoff volume [L3]; Qp is peak runoff flow rate [L3T-1]; R is total effective rainfall depth 
[L]; jR∆  is the effective rainfall in jth time interval [L]; jP∆  is the measured rainfall in 
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jth time interval [L]; m’ is the number of time interval; a and b are parameters to be 
calibrated and are specific for different watersheds.  The effective rainfall depth R and 
jR∆  can be computed using the SCS-CN (Curve Number) method and details can be 
found elsewhere (USDA-SCS 1972, Banasik and Walling 1996).  Pollutant constituent 
yield for each time interval can be estimation using the following formula: 
)1( −−=∆ jdjdjd YYY          for j = 1, 2, ….m’’               (20) 
In the expression, jdY is the cumulative pollutant yield [M]; m’’ is the number of time 
increments in the pollutant yield graph. 
In spite of the success of these relationships (16 – 19), Banasik and Walling 
indicated that further analysis was required to verify relationship between rainfall 
characteristics and pollutant yield given in these relationships (Banasik and Walling 
1996).  Furthermore, research has shown that rainfall-runoff events for small urban 
catchments generally fall into two categories, that is, flow-limited and mass-limited 
(Sansalone and Cristina 2004; Sheng and Sansalone 2004).  A “flow-limited” event is 
defined as constituent mass delivery that is proportional to runoff volume.  In that case, 
there is sufficient constituent mass available on the surface across the event duration, and 
the flow rate is the critical factor limiting the wash off process.  A “mass-limited” event 
is defined as disproportional constituent mass delivery of runoff volume, typically lower 
volume delivery relative to the amount of constituent mass delivered.  In that case, at the 
latter portion of the event, there is not enough constituent mass available on the surface, 
and it would be the constituent mass which limits the wash off process.  The criteria 
derived for mass-limited and flow-limited events differentiation are as follows (Sheng 
and Sansalone 2004): 
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• Mass-limited: the cumulative constituent mass versus cumulative volume curve 
follows an exponential pattern, )1( 10
jTVk
jd eMY
−−=                                                  (21) 
• Flow-limited: the cumulative constituent mass versus cumulative volume curve 
follows a linear pattern, jTjd VkY 0=                                                                        (22) 
In these expressions, jdY  is the cumulative pollutant yield [M]; VT j is the cumulative 
runoff volume [L-3]; M0 is the constituent mass on the surface at the beginning of the 
rainfall-runoff event [M]; k0 is zero-order coefficient [ML-3] and k1 is first-order 
coefficient [L-3].  Eq. (19) and (20) provide pollutant yield predictions for mass-limited 
and flow-limited events separately and thus provide a more physical and hydrologic-
based estimation as compared to a single relationship for all events.  Estimation of 
parameters M0, k0 and k1 can be found elsewhere (Sheng and Sansalone 2004). 
Evaluation Procedure 
To estimate the effectiveness of the proposed methodology the Nash-Sutcliffe 
coefficient R2 (Nash and Sutcliffe 1970) was utilized to demonstrate the goodness of fit 
between the predicted and observed runoff hydrographs and pollutographs (Beldring et al. 
2003; Freedman 2001): 
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In the expression, Xi,obs is the measured value; Xi,sim is the simulated value; X  is the 
average of observed values and nn is the number of observations.  When the simulated 
and observed values correspond well, the coefficient lies between 0.5 and 1.0, where 1.0 
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represents a perfect comparison.  Another criterion is sum of squares of error (SSE), 
which is defined as:  
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In the expression, Xi,obs is the measured value; Xi,sim is the simulated value and nn is the 
number of sample points; the subscripts i denotes the sample number.  It is noted that 
these two criteria are basically equivalent (ASCE 1990).  
RESULTS AND DISCUSSIONS 
Rainfall-Runoff Hydrograph Simulation 
 There were 8 rainfall-runoff events captured from the Baton Rouge (BR) 
catchment and 11 events captured from the Cincinnati (CI) catchment.  Table 5.1 
summarizes hydrologic characteristics of each event, including the mass-limited and 
flow-limited behavior of each event for SSC.  IUH and UH pairs were derived for each 
rainfall-runoff event, as shown in Figure 5.2 and Figure 5.3.  While the IUH and UH for 
individual events illustrate some variability the composite UH captures the important 
features and composite behavior for each site.  While the Nash linear reservoir values of 
n and k, summarized in Table 5.2, were found to vary from event to event, such 
variability has been reported in several previous investigations (Sarma et al. 1973; 
Banasik and Walling 1996).  A composite UH was derived for each site utilizing simple 
averaging technique in this study for its simplicity and applicability.  Other methods such 
as normalized averaging techniques and multi-storm techniques can be applied as desired.  
The regeneration of runoff hydrographs for a UH was undertaken to demonstrate the 
effectiveness of IUH technique for the catchments.  Figure 5.4 and 5.5 illustrate  
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Table 5.1 Summary of 8 Rainfall-Runoff Events Captured from Catchments in Baton 
Rouge, LA and Cincinnati, OH 
 
# Site Date 
Runoff 
Volume 
Vd [L] 
Peak Flow 
Qp [L/min] 
PDH 
[hr] 
Runoff 
Duration 
[min] 
Type 
1 May 20, 2003 3683.1 150 63 73 M 
2 June 2, 2003 452.6 75 169 56 M 
3 July 17, 2003 5461.8 120 70 121 M 
4 Aug 3, 2003 964.5 150 191 26 M 
5 Aug 20, 2003 3444.5 150 197 79 M 
6 Sept 3, 2003 1459.4 150 51 37 F 
7 Mar 14, 2004 24081.2 150 200 416 M 
8 
BR 
Apr 24, 2004 7288.616 75 339 215 M 
1 Apr 8, 1995 5722.3 355.18 120 199 M 
2 Apr 30, 1995 246.3 8.33 96 92 M 
3 Sept 8, 1995 550.7 9.86 480 226 M 
4 Oct 3, 1995 1993 247.90 216 401 M 
5 May 21, 1996 65.8 13.84 128 10 F 
6 June 18, 1996 2793.5 244.02 73 68 M 
7 July 7, 1996 9853.1 322.44 117 53 M 
8 Aug 8, 1996 3875.3 391.45 216 42 M 
9 Nov 25, 1996 245 9.15 93 146 F 
10 Dec 16, 1996 105.8 3.54 96 71 M 
11 
CI 
June 12, 1997 476.2 77.15 90 55 M 
 
BR is Baton Rouge, LA; 
CI is Cincinnati, LA; 
Vd is total direct runoff volume [L];  
Qp is peak runoff flow rate [L/min]; 
PDH is the previous dry hour [hr]. 
F is flow-limited events;  
M is mass-limited events;  
 
The criteria derived for mass-limited and flow-limited events differentiation are: 
 
• Mass-limited: the cumulative constituent mass versus cumulative volume curve follows an 
exponential pattern, )1( 10
jTVk
jd eMY
−−= . 
 
• Flow-limited: the cumulative constituent mass versus cumulative volume curve follows a 
linear pattern, jTjd VkY 0= . 
 
Where jdY  is the cumulative constituent mass delivered [M]; VT j is the cumulative volume [L
-3]; 
M0 is the constituent mass on the surface at the beginning of the rainfall-runoff event [M]; k0 is 
zero-order coefficient [ML-3] and k1 is first-order coefficient [L-3]. 
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Figure 5.2 Instantaneous Unit Hydrograph (IUH) and Unit Hydrograph (UH) for Baton 
Rouge, LA Site 
 
Instantaneous Unit Hydrograph (IUH) Ordinates (Nash 1957):  
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In the expression, IUH(t) is the IUH ordinates [T-1]; k is the coefficient of storage of each 
linear reservoir and n is the number of reservoirs.  
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Figure 5.3 Instantaneous Unit Hydrograph (IUH) and Unit Hydrograph (UH) for 
Cincinnati, OH Site 
 
Instantaneous Unit Hydrograph (IUH) Ordinates (Nash 1957):  
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In the expression, IUH(t) is the IUH ordinates [T-1]; k is the coefficient of storage of each 
linear reservoir and n is the number of reservoirs.   
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Table 5.2 Summary of Parameters Estimated for IUH and IUP for Catchments in Baton 
Rouge, LA and Cincinnati, OH  
 
Storm Site Date k [min] n B [min-1] 
1 Baton Rouge May 20, 2003 3.753 0.928 0.323 
2 Baton Rouge June 2, 2003 5.409 0.944 0.26 
3 Baton Rouge July 17, 2003 2.658 2.486 0.444 
4 Baton Rouge Aug 3, 2003 2.364 0.976 0.619 
5 Baton Rouge Aug 20, 2003 12.004 0.463 0.11 
6 Baton Rouge Sept 3, 2003 7.651 0.362 0.186 
7 Baton Rouge Mar 14, 2004 4.214 0.993 0.241 
8 Baton Rouge Apr 24, 2004 4.325 0.891 0.24 
9 Cincinnati Apr 8, 1995 4.214 1.536 0.246 
10 Cincinnati Apr 30, 1995 3.033 0.892 0.344 
11 Cincinnati Sept 8, 1995 4.925 3.421 0.201 
12 Cincinnati Oct 3, 1995 3.423 1.425 0.299 
13 Cincinnati May 21, 1996 3.927 1.255 0.268 
14 Cincinnati June 18, 1996 4.348 1.944 0.29 
15 Cincinnati July 7, 1996 1.080 1.983 1.005 
16 Cincinnati Aug 8, 1996 2.845 1.193 0.416 
17 Cincinnati Nov 25, 1996 7.452 2.443 0.177 
18 Cincinnati Dec 16, 1996 5.425 2.421 0.198 
19 Cincinnati June 12, 1997 4.021 1.224 0.355 
 
 
Instantaneous Unit Hydrograph (IUH) Ordinates (Nash 1957):  
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In the expression, IUH(t) is the IUH ordinates [T-1]; k is the coefficient of storage of each 
linear reservoir and n is the number of reservoirs.  
 
Instantaneous Unit Pollutograph (IUP) Ordinates (Banasik and Walling 1996): 
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In the expression, IUP(t) are the IUP ordinates [T-1]; k is the coefficient of storage of 
each linear reservoir; n is the number of reservoirs; B is the sediment routing parameter 
[T-1] and t is time [T]. 
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Figure 5.4 Measured and Modeled Runoff Hydrographs Based on IUH for Baton Rouge, 
LA Catchment 
 
The discrete convolution relationship that relates the ERH, DRH and UH can be written 
as follows (Chow 1988). 
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In the expression, Pi is the ith ordinate of the ERH (i = 1, 2, 3, …, M) with M being the 
number of ERH ordinates; Qj is the jth ordinate of the DRH (j = 1,2,3,..N) with N being 
the number of DRH ordinates; and Ur is the rth UH ordinates characterizing the rainfall-
runoff relation for the watershed, r = j-i+1. 
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Figure 5.5 Measured and Modeled Runoff Hydrographs Based on IUH for Cincinnati, 
OH Catchment 
 
The discrete convolution relationship that relates the ERH, DRH and UH can be written 
as follows (Chow 1988). 
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In the expression, Pi is the ith ordinate of the ERH (i = 1, 2, 3, …, M) with M being the 
number of ERH ordinates; Qj is the jth ordinate of the DRH (j = 1,2,3,..N) with N being 
the number of DRH ordinates; and Ur is the rth UH ordinates characterizing the rainfall-
runoff relation for the watershed, r = j-i+1. 
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comparisons between measured and simulated hydrographs and good agreement was 
observed in terms of shape, peak and duration.  For the models developed, good 
agreement was illustrated for the Baton Rouge and Cincinnati catchments.  Agreement 
between measured and modeled results was determined by the Nash-Sutcliffe coefficient 
R2 (Nash and Sutcliffe 1970) to demonstrate the goodness of fit.    
Pollutograph Simulation 
 Based on SSC, individual IUP and UP pairs were derived for each rainfall-runoff 
event as shown in Figure 5.6 and Figure 5.7.  While the individual values of parameter B, 
given in Table 5.2, were found to vary from event to event, the composite UP derived by 
the simple averaging technique was found to reasonably represent average site behavior 
for SSC.  The regeneration of an event pollutograph for SSC was undertaken to 
demonstrate the effectiveness of the proposed IUP procedure for the experimental site.  
Examples of measured and modeled pollutographs for both mass-limited and flow-
limited events are given in Figure 5.8 and Figure 5.9 and good agreement was observed.  
The Nash-Sutcliffe coefficient R2 (Nash and Sutcliffe 1970) was utilized to demonstrate 
the goodness of fit.  Results indicated that the analogy of IUP and UP concepts, 
combined with the proposed pollutant yield prediction relationship for mass-limited and 
flow-limited events provides a promising methodology for pollutograph prediction.   
CONCLUSIONS  
 Analogous concepts of unit pollutograph (UP) and instantaneous unit 
pollutograph (IUP) were derived in this study.  The methodology developed for 
pollutograph derivation from UP and IUP utilized a novel pollutant yield prediction 
relationship, which dealt with mass-limited and flow-limited rainfall-runoff events  
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Figure 5.6 Instantaneous Unit Pollutograph (IUP) and Unit Pollutograph (UP) for Baton 
Rouge, LA Site 
 
Instantaneous Unit Pollutograph (IUP) Ordinates (Banasik and Walling 1996): 
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In the expression, IUP(t) are the IUP ordinates [T-1]; k is the coefficient of storage of 
each linear reservoir; n is the number of reservoirs; B is the sediment routing parameter 
[T-1] and t is time [T].  
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Figure 5.7 Instantaneous Unit Pollutograph (IUP) and Unit Pollutograph (UP) for 
Cincinnati, OH Site 
 
Instantaneous Unit Pollutograph (IUP) Ordinates (Banasik and Walling 1996): 
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In the expression, IUP(t) are the IUP ordinates [T-1]; k is the coefficient of storage of 
each linear reservoir; n is the number of reservoirs; B is the sediment routing parameter 
[T-1] and t is time [T].  
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Figure 5.8 Measured and Modeled Pollutographs Based on IUP for Baton Rouge, LA 
Catchment 
 
The pollutograph can be computed by the following convolution (Banasik and Walling 
1996). 
                                ∑
=
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)',min(
1
ni
j
kji UPYdP  for k = i-j+1, i = 1, 2, … m+n’-1                   
In the expression, Pi are the ordinates of pollutograph [MT-1], m is the number of IUP 
ordinates, n’ is the number of time increments in the pollutant yield graph; jYd∆  are the 
pollutant yield at each time increment [M]. 
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Figure 5.9 Measured and Modeled Pollutographs Based on IUP for Cincinnati, OH 
Catchment 
 
The pollutograph can be computed by the following convolution (Banasik and Walling 
1996). 
                                ∑
=
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1
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kji UPYdP  for k = i-j+1, i = 1, 2, … m+n’-1                   
In the expression, Pi are the ordinates of pollutograph [MT-1], m is the number of IUP 
ordinates, n’ is the number of time increments in the pollutant yield graph; jYd∆  are the 
pollutant yield at each time increment [M]. 
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separately.  The feasibility of the concepts and methodology was investigated by the 
rainfall-runoff data recorded in Baton Rouge, LA and Cincinnati catchments.  The 
comparison of measured and modeled pollutographs proves that the IUP technique is 
feasible to represent pollutant mass delivery process in rainfall-runoff events.  The same 
methodology can be followed for other catchments for pollutograph prediction.  The 
constituent or pollutant index of interest in this study was suspended sediment 
concentration (SSC) (Gray et al. 2000).  The conceptual analogy proposed could be 
applied to other constituents. 
DESIGN EXAMPLE 
1. During the entire rainfall-runoff events, take samples at a certain time interval and 
measure both water quantity and quality indice, such as runoff flow rate, rainfall 
intensity, sample suspended sediment concentration (SSC) for each sample.  At the 
same time, record rainfall intensities during rainfall-runoff events. 
2. Manipulate rainfall-runoff data and derive effective rainfall hyetograph (ERH), 
direction runoff hydrograph (DRH) and pollutograph. 
3. Estimate parameters n and k in instantaneous unit hydrograph (IUP) formula by: 
        nkPQ =− )()( 11 µµ                                                  
                                                  2122 )1()(2)()( knnPnkPQ +=−− µµµ                          
In the expression, )(Qrµ  is the rth moment of the DRH about the time origin divided 
by total DRH, and )(Prµ  is the rth moment of the ERH about the time origin divided 
by total ERH; k is the coefficient of storage of each linear reservoir [T]; and n is the 
number of reservoirs. 
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4.   Estimate pollutograph lag time t50P and then estimate routing parameter B using the 
following formula:                                                              
                                                               
kt
nB
P
1
50
−=                                   
In the expression, t50P is the lag time of pollutograph, which can be derived from 
measured pollutograph; k is the coefficient of storage of each linear reservoir [T]; and 
n is the number of reservoirs. 
5.  With IUH parameter k and n estimated, the corresponding IUH ordinates can be 
derived by Nash model:     
                                                        0)(
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n                        
In the expression, IUH(t) is the IUH oridinate [T-1], t is time.  The ordinates of the 
corresponding unit hydrograph of duration t∆  are given by: 
                                                  
t
k
ttnG
k
tnG
tUH ∆
∆−−
=
);();(
)(
2
                                                                     
In the expression, );(
k
tnG  is the ratio of the incomplete gamma function to the 
gamma function and defined as: 
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The composite UH ordinates can be obtained by simple averaging technique based on 
the UH ordinates derived for each rainfall-runoff events. 
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6. The UH derived from single rainfall-runoff event or the composite UH derived from 
multiple rainfall-events can therefore be utilized to predict direct runoff hydrograph 
(DRH), given effective rainfall hyetograph (ERH) by the following formula: 
                                                                ∑≤
=
+−=
Mj
i
ijij UHPQ
1
1                                           
In the expression, Pi is the ith ordinate of the ERH (i = 1, 2, 3, …, M) with M being 
the number of ERH ordinates; Qj is the jth ordinate of the DRH (j = 1,2,3,..N) with N 
being the number of DRH ordinates; and UHr is the rth UH ordinates derived from 
IUH. 
7. With IUP parameters k, n and B estimated, the corresponding IUP ordinates can be 
derived by:                                                          
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In the expression, IUP(t) are the IUP ordinates (T-1), t is time. The ordinates of the 
corresponding unit pollutograph of duration t∆  are given by:  
                                   ∫
∆−∆
=
t
tt
k dIUPt
UP ττ )(1  for ktt ∆= , k = 1, 2, … m                             
In this expression, UPk are the ordinates of the UP [T-1]; t∆  is time step used in 
computation [T]. 
8. The UP derived from single rainfall-runoff event or the composite UP derived from 
multiple rainfall-events can therefore be utilized to predict pollutograph, given 
pollutant yield graph by the following formula: 
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                              ∑
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In the expression, Pi are the ordinates of pollutograph [MT-1]; m is the number of UP 
ordinates; n’ is the number of time increments in the pollutant yield graph; jYd∆  are 
the pollutant yield at each time increment [M]. 
Pollutant constituent yield for each time interval can be estimation using the 
following formula: 
)1( −−=∆ jdjdjd YYY          for j = 1, 2, ….m                   
In the expression, jdY is the cumulative pollutant yield [M]; m is the number of time 
increments in the pollutant yield graph.  
For mass-limited events, the cumulative pollutant yield jdY  can be estimated by: 
)1( 10
jTVk
jd eMY
−−=  
For flow-limited events, the cumulative pollutant yield jdY  can be estimated by: 
jTjd VkY 0=  
In these expression, jdY  is the cumulative pollutant yield [M]; VT j is the cumulative 
runoff volume [L-3]; M0 is the constituent mass on the surface at the beginning of the 
rainfall-runoff event [M]; k0 is zero-order coefficient [ML-3] and k1 is first-order 
coefficient [L-3]. Details about estimation of parameters M0, k0 and k1 can be found 
elsewhere (Sheng and Sansalone 2004). 
NOMENCLATURE 
 
Pi  : ith ordinate of the ERH (i = 1, 2, 3, …, M) with M being the number of  
                         ERH ordinates;  
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Qj  : jth ordinate of the DRH (j = 1,2,3,..N) with N being the number of DRH  
                         ordinates;  
UHr  : rth UH ordinates characterizing the rainfall-runoff relation for the  
                          watershed; 
IUH(t)  : IUH ordinates [T-1]; 
k  : coefficient of storage of each linear reservoir [T];  
n  : number of reservoirs; 
);(
k
tnG   : ratio of the incomplete gamma function to the gamma function; 
)(Qrµ  : rth moment of the DRH about the time origin divided by total DRH; 
)(Prµ  : rth moment of the ERH about the time origin divided by total ERH. 
IUP(t)  : IUP ordinates [T-1]; 
ct  : PCD ordinates; 
B  : sediment routing parameter [T-1]; 
t  : time [T]; 
t50H  : lag time of runoff hydrograph;  
t50P  : lag time of pollutograph; 
UPk  : ordinates of the UP [T-1]; 
t∆  : time step [T]; 
Pi  : ordinates of pollutograph [MT-1]; 
m  : number of IUP ordinates; 
n’  : number of time increments in the pollutant yield graph;  
jYd∆  : pollutant yield at each time increment [M]; 
Yd   : total pollutant yield for the entire event [M];  
Vd   : total direct runoff volume [L3];  
Qp   : peak runoff flow rate [L3T-1];  
R   : total effective rainfall depth [L];  
jR∆    : effective rainfall in jth time interval [L];  
jP∆    : measured rainfall in jth time interval [L];  
jdY   : cumulative pollutant yield [M];  
m’’  : number of time increments in the pollutant yield graph; 
VT j   : cumulative runoff volume [L-3];  
M0   : constituent mass on the surface at the beginning of the rainfall-runoff 
event [M];  
k0   : zero-order coefficient [ML-3]; 
k1   : first-order coefficient [L-3]; 
Xi,obs   : measured value;  
Xi,sim   : simulated value; 
X    : average of observed values; 
nn   : number of observations. 
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CHAPTER 6. A COUPLED DESIGN AND ANALYSIS METHODOLOGY FOR 
RAINFALL-RUNOFF BASINS – PART I: HYDROLOGIC DESIGN  
 
SUMMARY 
In this study, a methodology for a general design of rainfall-runoff basins is 
presented for water quantity control.  A series of Intensity-Duration-Frequency (IDF) 
curves were derived for East Baton Rouge Parish (EBR) from historical precipitation data 
for Baton Rouge, LA.  The design procedure employed the design storm approach and a 
design storm with a return period of 1 year and duration of 1 hour is selected for 
illustration.  The parameter for water quantity control is basin evacuation time r90, which 
is defined as the specified time period within which the basin empties before the next 
runoff event occurs.  The basis of the method is the reservoir-routing technique, which 
couples the hydrologic storage equation with an expression describing the hydraulics of 
any type or combination of outlet structures.  For universal applications, the equations are 
transformed into general forms and solved using a finite-difference method numerically.  
The design charts generalized from the numerical results cover a range of design cases 
and are useful in determining the stage-storage relationship for the basin, the size of the 
outlet structure, and the required storage volume for rainfall-runoff management. 
INTRODUCTION 
Increasing urbanization has significantly altered hydrologic processes.  The 
replacement of vegetation and pervious soils with impervious surfaces substantially 
diminishes rainfall interception, infiltration of runoff and near-surface storage of runoff.  
These alterations, in particular for highly impervious urban surfaces, increase runoff 
volume, increase peak flow, and reduce lag time (Bedient and Huber 1992; Sansalone et 
al. 1998; Lee and Heaney 2003).  Coupled with the alteration of hydrologic processes by 
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urbanization are processes of dry deposition and enhanced transport of particulate and 
dissolved constituents that are generated from activities on these urban surfaces during 
rainfall-runoff processes (Heaney 1977).  The water quality and quantity impacts of these 
discharges on receiving waters can be significant on an event and long-term basis (Akan 
1992; Sansalone and Buchberger 1997).  With the promulgation of the National Pollutant 
Discharge Elimination System (NPDES) Phase II program, research and practice are 
actively working on combinations of in-situ unit operations and processes (UOPs) as well 
as traditional UOPs such as rainfall-runoff basins that facilitate quantity and quality 
control (Guo 1998; Guo 2001; Yu and Kaighn 1992; Yu 1993; Yu et al. 2001).  
Rainfall-runoff basins such as detention basins are one of the oldest and most 
common practices for quantity control and more recently, coupled with quality control 
(Rice 1971; Akan 1990; Guo 1997).  There are a number of classifications for rainfall-
runoff basin design methods.  For example, continuous long-term simulation is ideal for 
detention basin design, but time-consuming and technology-dependent compared to other 
proposed methods and is not commonly used in current practice (Loganathan et al. 1994; 
Nnadi et al. 1999).  Volumetric-based methods such as capture volume methods (Guo 
and Urbonas 1996; Heitz et al. 2000; Guo and Hughes 2001) and Federal Aviation 
Administration (FAA) methods (Guo 1998; Guo 1999) are only suitable for small 
catchments because these methods do not utilize hydrograph routing details.  A more 
common and traditional method that is utilized is the design storm approach (Mays 1996).  
The design storm approach uses a single or multiple design events to size a basin to meet 
either a peak reduction and/or satisfy a drawdown-time requirement.  While the original 
and most common role of detention basins has been to meet specific water quantity 
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objectives, increased understanding of urban rainfall-runoff water quality has led to the 
application of such basins as UOPs that combine coupled quantity and quality objectives.  
Unlike flood damage in which the extreme events are critical, rainfall-runoff quality 
impacts are primarily associated with the smaller and more frequent rainfall-runoff events.  
85 to 90 percent of these events have a return period of less than 1 year (Urbonas et al. 
1995; Guo and Urbonas 2002).  Therefore from the perspective of water quality the small 
and frequently occurring design storm is more likely to be selected than a large flood for 
a rainfall-runoff basin intended to function as a water quality UOP (Guo and Uubonas 
2002).  
 OBJECTIVES 
There are four major objectives of the research.  The first objective is to 
demonstrate the viability of a lumped parameter continuity equation for small paved 
watershed hydrologic routing using measured rainfall and runoff data.  The second 
objective is to illustrate the development of intensity-duration-frequency (IDF) curves 
using partial duration series and historical rainfall data for East Baton Rouge Parish.  The 
third objective is to illustrate the development of a series of basin design plots for 
uncontrolled and controlled outflow under common three common outlet controls: weir, 
single orifice and multiple orifice conditions.  The fourth objective was to demonstrate 
the feasibility of the proposed design and analysis methodology for this Baton Rouge, LA 
watershed utilizing a 1-year, 1-hour design storm.  
METHODOLOGY 
Historical Precipitation Data Acquisition and Prepossessing 
For this study, precipitation data for intensity-duration-frequency (IDF) curve 
generation were available for 8 years from Department of Public Works (DPW) of East 
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Baton Rouge Parish at 2-minute increments.  Precipitation data from 1995 through 2003 
at 30-minute interval from U. S. Geological Survey (USGS) and hourly precipitation data 
during the period of 1993-2003 obtained from the Southern Regional Climate Center 
were utilized to fill in missing values from the USGS date set.  In Figure 6.1, the 9 USGS 
rain gages and 11 DPW rain gages around the area of East Baton Rouge Parish were 
illustrated.  With one exception all of these gages are located in the southern half of the 
East Baton Rouge Parish.  As illustrated in Figure 6.1 the subject watershed was located 
between gages 5, 6, 7 and 9.   
Synthesize Point Rainfall Data for Watershed 
Precipitation varies in space and time according to regional patterns of 
atmospheric circulation and also according to local atmospheric conditions. While 
measurement of rainfall on a spatially-distributed basis will be more representative than 
point rainfall data, measurement of rainfall data at specific points within a local 
geographic area encompassing a watershed is the commonly carried out to generate areal 
rainfall quantities (Chow 1988).  Currently, while the most common class of spatially-
distributed measurements precipitation measurements are forms of remote sensing such 
as Doppler radar, historical precipitation data has been collected through forms of point 
measurements such as standard tipping bucket rain gages.   A number of methods such as 
Thiessen polygon, isohyetal method, reciprocal-distance-squared method are available to 
derive areal rainfall data from point rainfall data (Chow 1988).  In this study, the 
reciprocal-distance-squared method is utilized to derive areal rainfall data over the small 
urban watershed.  The reciprocal-distance-squared method is summarized in as (Wei and 
McGuinness 1973; Wanielista and Yousef 1993):   
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Figure 6.1 Locations of 9 Rain Gages from USGS and 11 Rain gages from DWP in East 
Baton Rouge Parish (EBR), Baton Rouge, LA (not to scale, NTS) 
 
DWP - Department of Public Works;  
USGS - U. S. Geological Survey. 
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In this expression, P  is the synthesized rainfall intensity [LT-1]; Pj is the rainfall intensity 
recorded at the jth gage[LT-1]; dj is the distance between jth rain gage and the centroid of 
the watershed or site [L]; J is the total number of rainfall gages.  In this study, the 
historical precipitation data are utilized to compute the synthesized rainfall for the small 
urban watershed in Baton Rouge, LA, with the reciprocal-distance-squared method.  The 
synthesized rainfall data were utilized to generate IDF curves and furthermore design 
storms for the site.  
Generate Intensity-Duration-Frequency (IDF) Curve for Watershed 
IDF curves for a series of return periods from the historical long-term rainfall data 
are generated according to the following procedure (Kibler 1982). 
Identify Independent Events 
Independent events are identified from the continuous historical precipitation data.  
The criterion for event independence is generally based on a minimum time interval 
during which average rainfall is zero or very low.  For example, the National Weather 
Service uses a period of 180 minutes with less than 1.8 inch (45.7 mm) of rainfall or an 
average intensity of 0.6 inch/hr (15.2 mm/hr) (Kibler 1982).  In this study, the appropriate 
inter-event time was determined by evaporation simulation from the small paved urban 
watershed.  The evaporation inputs and simulations results based on meteorological, 
climate and catchment data for the Baton Rouge, LA watershed are shown in Table 6.1.  
The combination method (aerodynamic and energy balance) of calculating evaporation is 
utilized (Chow et al. 1988).   
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Table 6.1 Parameter Values and Results for Evaporation Simulation in Baton Rouge, LA  
 
Parameter Unit Simulation Value Lower Range 
Upper 
Range 
Net radiation, Rn W/m2 9001 700 1280 
Water density, ρw kg/m3 9983 995 1008 
von Karman constant k dimensionless 0.42 0.4 0.4 
Air density, ρa kg/m3 1.184 1.14 1.21 
Wind velocity, u2 m/s 22.351 10.00 31.10 
Air Pressure p kPa 101.735 95.12 119.34 
Roughness Height, z0 cm 0.081 0.08 0.08 
Saturated vapor pressure, eas Pa 23372 2314 2512 
Relative humidity Rh % 77.435 59.43 81.32 
Air temperature, Ta oC 205 1 30 
Specific heat for air Cp J/(kg.K) 10052 1000 1010 
Kh/Kw dimensionless 16 1 1 
Simulation Results Unit Simulation Value Lower Range 
Upper 
Range 
Latent heat of vaporization, lv J/kg 2.45E+062 2.50.E+06 2.43.E+06
Vapor pressure, ea Pa 1.81E+03 1375.21 2042.76 
vapor transfer coefficient B )/( sPaKm ⋅⋅  4.22E-07 1.96E-07 5.10E-07 
Evaporation rate 
Energy balance method, Er 
mm/hr 0.305 0.254 0.508 
Evaporation rate, aerodynamic method, Ea mm/hr 0.813 0.662 0.862 
Gradient of saturated vapor pressure curve, ∆ Pa/oC 144.66 166.99 138.86 
Psychrometric constant, γ Pa/oC 66.99 61.20 85.23 
Evaporation rate, combination method, E mm/hr 0.51 0.36 0.61 
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In these expression, is the gradient of the saturated vapor pressure (Pa/oC); γ is the 
psychrometric constant (Pa/oC); Er and Ea are evaporation rates based on aerodynamic method 
and energy balance method, respectively; Cp is the air specific heat (J/(kg.K)); Kh/Kw is the heat 
and vapor diffusivities ratio; Rn is the net radiation (W/m2); ρw is the water density (kg/m3); k is 
von Karman constant; ρa is the air density (kg/m3); u2 is the wind velocity at 2 meter height (m/s); 
p is air pressure (kPa); z0 is the roughness height of the surface (cm). 
 
Source: 1 Assumed by author;  
2 Chow et al. 1988; 
3CRC Handbook of Chemistry and Physics, 77th edition, 1996;  
4 Metcalf and Eddy, Inc. 1991; 
5 Meteorological data from USGS;     
6 Priestley and Taylor 1972. 
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Derive of Partial Duration Series (PDS) 
In this study, partial duration series (PDS) is developed in comparison to the 
annual maximum series (AMS).  The rationale is that the AMS only analyzes the most 
extreme hydrologic events per year and can omits less hydrologic extreme but important 
events from a water quality control point of view (Kibler 1982; Urbonas et al. 1995; Guo 
and Urbonas 2002).  
Partial-duration series are defined as  series composed of all events during the 
period of record that exceed some set criterion, for example, all floods above a selected 
base, or all daily rainfalls greater than a specified amount.  The PDS is derived from the 
synthesized data derived from the historical data.  For a PDS analysis of rainfall, a series 
of chosen rainfall durations, such as 10, 20, 30 minutes, is designated.  The largest 
rainfall for a chosen duration is identified within each event of duration equal to or 
greater than the duration chosen.  A PDS for a chosen duration is generated by ranking 
the synthesized rainfall depths in a descended order and selecting the M largest values 
from a record length of M months.  For each series, exceedance probability or return 
period estimates are assigned using the following equation.  
iR
MT 1+=                 (2) 
In this expression, T is return period (years); M is the length of historical precipitation 
data record (year); Ri is the rank for each depth in decreasing order of magnitude, 1, 
2, …..M. 
 Generally, for water quantity control M years of precipitation data are employed 
to develop IDF curves with return periods in years.  However for water quality control, a 
small and frequently occurring design storm with return periods in months is more likely 
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to be selected than an extreme event (Kibler 1982; Urbonas et al. 1995; Guo and Urbonas 
2002), because of the accumulative adverse effects of pollutants on receiving water 
bodies (Heaney and Huber 1984).  Therefore in this methodology the IDF procedure is 
scaled down to months, that is, M-month precipitation data are employed to develop IDF 
curves with return periods in months.  The scaling from years to months makes it possible 
and more reasonable to use the precipitation data at more precise point rainfall 
measurement intervals over a shorter historical period.   
Curve Fitting of PDS to Generate IDF 
Each PDS is plotted as Figure 6.6 and fit to curves of the following form (Kibler 
1982).  Results indicate that the form fits the plotted PDS quite well.   
2
0
1 aD
a
I a +
=                           (3) 
In this expression, I is rainfall intensity (LT-1); D is duration (T); a0 is a constant for a 
given return period; a1 and a2 are constants independent of return period.  
Another common form for IDF curves are: 
     2)( 10
bbDbI +=                                    (4) 
In this expression, I is rainfall intensity (LT-1); D is duration (T); b0 is a constant for a 
given return period; b1 and b2 are constants independent of return period.  Either of these 
two forms of IDF curves is applicable, while in this study the form in Equation (3) is 
chosen for illustration.  
Develop Design Hyetograph 
For a given return period and a given duration, average rainfall intensity can be 
calculated from the IDF curves generated from historical precipitation data.  The time 
distribution or hyetograph of the total rainfall corresponding to the design return period 
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and duration can have a significant effect on the predicted peak runoff.  While rainfall is 
assumed to be uniformly distributed in the rational method for small, relatively 
impervious watersheds, a number of non-uniform hyetographs have been proposed, 
including SCS distribution, Huff distribution, Keifer and Chu distribution (Chicago 
method), Pilgrim and Cordery method, Yen and Chow method, etc (Kibler 1982).  In this 
study, the Chicago method, developed by Keifer and Chu in 1957 is utilized.  This 
method is based on the IDF curve form given by Equation (3), and the resulting design 
hyetograph is expressed mathematically, using the time of peak intensity as the origin. 
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In these expressions, ia is the rainfall intensity at time ta [T] before the peak and ib is the 
rainfall intensity at time tb [T] after the peak [LT-1]; a0, a1 and a2 are parameters in 
Equation (3); r is the advancement ratio, the ratio of the portion of the duration before the 
peak to the event duration.  The advancement ratio, r is evaluated by the mean of the 
advancement ratio of a series of event of various durations, weighted according to the 
duration of the events.  
Bandyopadhyay (1972) proposed another synthetic design rainfall pattern when 
the IDF curves follow the form of Equation (4).  
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In this expression, ia is the rainfall intensity at time ta [T] before the peak and ib is the 
rainfall intensity at time tb [T] after the peak [LT-1]; b0, b1 and b2 are the parameters in 
Equation (4); r is the advancement ratio.  
Derive Hydrograph from Hyetograph  
 The derivation methodology for the hydrograph from a design storm hyetograph 
is based on the assumption that the watershed was assumed to be a lumped system, 
implying that the runoff transport rate was a function of time alone.  Given the single 
land use, single cover condition (pavement) and small size (544 m2) of the catchment, the 
use of a lumped system was considered reasonable. 
The derivation of hydrograph from hyetograph was based on the integral equation 
of continuity of rainfall-runoff events for a unit area (Chow et al. 1988). 
    qi
dt
ds −=                                                              (9)    
In the expression, s is the storage for a unit watershed surface area [L]; i is the rainfall 
intensity [LT-1]; q is the runoff from a unit watershed surface area [LT-1].  It has been 
shown that for simplicity, the relationship between storage S and runoff q follows a 
power law function (Price and Kidd 1978).  
     snsqKS =                                                              (10) 
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In the expression, Ks is the storage constant and ns is the non-linearity parameter.  
 The storage constant Ks and the non-linearity parameter ns are calibrated with the 
response surfaces method.  The objective function is the Nash-Sutcliffe coefficient, 
which is defined as: 
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In the expression, Xi,obs is the measured value; Xi,sim is the simulated value; X  is the 
average of observed values and n is the number of observations.  The response surface 
plots are two-dimensional contour plots of the objective function used to fit the model to 
observed data with different combinations of Ks and ns values.  The calibrated storage 
constant Ks and the non-linearity parameter ns would be selected as the ones which 
achieve highest R2.  Once the parameters Ks and ns in the model was calibrated with the 
experimental data collected from a site (i.e. the Baton Rouge, LA site), the simultaneous 
flow rate q was estimated, by solving Equation (9) with finite difference method.  The 
finite difference method is a method for solving partial differential equations (PDEs).  
The method requires the domain to be replaced by a grid.  At each grid point each term in 
the partial differential is replaced by a difference formula which may include function 
values at neighboring grid points.  By substituting the difference formulae into the PDE, a 
difference equation is obtained (Neumaier 2001).   
In this study, the watershed used to calibrate the storage constant Ks and the non-
linearity parameter ns was a small paved watershed in urban Baton Rouge, Louisiana.  
This concrete-paved watershed is 44.6-m long, 12.2-m wide, with a total contributing 
area of 544-m2.  The paved catchment slope was 2.0%.  Flow collected from the 
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watershed was overland sheet flow.  Overland flow generated from the watershed was 
collected in a trough that ran the full width of the watershed and samples were manually 
taken at a drop box immediately below the trough for the duration of each event.  To 
facilitate sampling a drop-box is used to produce a 0.5-m freefall for flow.  The entire 
cross-section of flow was sampled and two replicate samples are taken at each time 
interval (typically every 2 to 5 minutes).  A site tipping bucket rain gage and data-logger 
collect rain data in increments of 0.01 inches the site.  A calibrated Parshall flume is 
located immediately upstream of the drop box with a 70kHz sensor and data logger that 
are used to collect flow depth data at 1 minute intervals throughout the duration of each 
event at the watershed.   
After sampling, flow is routed to several 4000-L settling basins for storage, 
volume balances and eventual characterization of particulate matter.  The average annual 
daily traffic volume (ADT) for the eastbound I-10 lanes is 70,400 vehicles.  Mean annual 
precipitation at the site is 1460 mm/year.  Sample volume is 1-L when characterizing 
pollutographs in terms of gross particulate matter indices such as suspended sediment 
concentration (SSC), or up to 12-L when characterizing particulate matter gradations 
based on suspended (< 25 µm), settleable (25 – 75 µm) and sediment (> 75 µm) fractions.  
Figure 6.2 is the plan view of the experimental site.    
Design Parameters for Detention Basin – Hydrologic Design 
Generally three design requirements are considered for rainfall-runoff basins: 1) 
to detain or retain runoff to reduce peak flow to a given level, typically pre-development 
conditions for a specific or series of design storms; 2) evacuate the captured basin runoff  
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Figure 6.2 Plan View of Experimental Site in Baton Rouge, LA (not to scale, NTS) 
 
Site in urban Baton Rouge, Louisiana. Runoff is generated from a 544-m2 section of PCC 
pavement and collected from the lower expansion joint. The pavement catchment is 12.2-
m wide by 44.6-m long, with a tangential slope of 2.02%. Arrows indicate the direction 
of flow. All flow is captured from the lower expansion joint and catch basin.  
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in sufficient time to provide available storage for the next event; 3) from a water quality 
perspective, retain the runoff long enough to achieve the targeted effluent concentration 
and/or removal efficiency for a constituent.  Sizing a basin and the outlet structure are 
tradeoff between these conflicting requirements (Akan 1992).  In Part I, the design 
scheme is focused on water quantity control only, and water quality is examined in Part II. 
Evacuation time is a critical parameter required to evacuate detained runoff in 
sufficient time to provide available storage for the next event.  Evacuation time should be 
identified on the basis of historical rainfall data for a watershed.  For instance, the 
Delaware and Raritan Canal Commission requires that the 90% of the runoff volume be 
evacuated in 36 hours or in 18 hours for residential areas (Whipple and Randall 1983).  In 
this study, Akan’s (1992) definition is utilized, which is the evacuation time required to 
discharge 90% of the total runoff volume from the basin.  Figure 6.3 qualitatively 
displays this definition.  The evacuation time can be calculated such that the area under 
the outflow hydrograph between t = 0 and t = r90 is equal to 0.9 VR, which can be 
expressed mathematically as follows.   
∫ =90
0
9.0
r
TVQdt            (12) 
In the expression, Q is outflow rate [L3T-1]; r90 is evacuation time [T]; VT is total volume 
of runoff [L3]; t is time [T].  Given an outflow hydrograph, the evacuation time r90 can be 
determined by identifying the time when the area under the outflow hydrograph between 
the starting evacuation time and r90 equal to 90% of the total area under the outflow 
hydrograph for the entire event, as shown in Figure 6.3.  
Design Scheme Development 
Eq. (12) identifies the governing hydrologic routing equation for a rainfall-runoff 
basin. 
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Figure 6.3 Definition of Basin Evacuation Time r90 
 
Note: Q is outflow rate [L3T-1]; VR is total volume of runoff and defined as ∫
∞
0
Idt  [L3]; I is 
inflow rate [L3T-1] and t is time [T]; A is the watershed area [L2]. 
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QI
dt
dS −=                        (13) 
or      
A
Q
A
I
dt
ASd −=)/(                        (14) 
In these expressions, I is inflow rate [L3T-1]; A is watershed surface area [L2]; Q is the 
basin discharge rate [L3T-1]; S is the basin storage volume [L3]; t is time [T].  The reason 
that the governing equation is scaled with respect to watershed area A instead of basin 
water surface area A’ the more common scaling parameter from a surface overflow 
theory perspective is because in most cases basin surface area A’ is a variable.  The 
addition of A into the governing equation leads to more general applicability of this 
design scheme to any watershed area, A.  As is always the case, while the watershed area 
is a constant, the variable relationship between rainfall and runoff for a particular 
watershed must be measured or modeled, for example with a unit hydrograph model.  For 
basins with side slopes, the surface area A’ of the storage volume varies with water depth.  
Therefore in this study, storage volume surface area A’ is defined in Eq. (15). 
h
SA ='                                                        (15) 
In the expression, S is the storage volume in the basin [L3]; h is water depth [L] above a 
particular datum.  For most natural and constructed basins, the relationship between 
storage volume and water depth can be expressed using a power law function (Malcolm 
1989, Kessler and Diskin 1991). 
cbhS =           (16) 
In this expression, h is water depth above a datum in this case the basin outlet [L]; and b 
and c are constants depending on the geometry of the basin.  Typical values of b and c are 
shown in Table 6.2.  The value of c ranges from 1 to 3, with 1 for basins with vertical 
sides and 3 for conic basins with side slopes.  In contrast, the range of the parameter b is  
  191
Table 6.2 Summary of Common Rainfall-Runoff Basin Shape and Outlet Control 
Categories Illustrated in Methodology 
 
 
1 Akan 1992. 
 
  
Shape b c Note 
 Horizontal 
basin area A’ 1 Vertical sides 
 
WLk 23
4  3 
Length width 
ratio L/W 
Slope = k 
Common Basin 
Cross-Sectional 
Geometry 
Categories 
 
≈
WLk 23
4  
 
≈ 3 
Length width 
ratio L/W 
Slope = k 
 
 a1 Kq Note 
Single Orifice 0.5 00 2 agkKq =  
k0 is orifice 
discharge 
coefficient; a0 
is orifice area 
Single Weir 1.5 LgkK wq 2=  
kw is weir 
discharge 
coefficient; L is 
effective crest 
length 
Common Basin 
Outlet Control 
Categories 
Multiple Orifice 0.5 See details in Text  
Note: cbhS = , aqhKQ =  
Q is outflow rate [L3T-1]; S is the storage volume [L3]; t is time [T]; 
h is water depth [L]; b and c are constants depending on the shape of the basin; 
a and Kq are parameters depending on the type of outlets1. 
k
k
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more significant.  In the case of basins with vertical sides, parameter b indicates the basin 
surface area A’.  
Some rainfall-runoff basins manage to operate at a fixed outflow rate Q, 
accomplished by controls such as valving or pumping.  For most other basins, however, 
outflow rate Q is controlled by outlet structures, geometry and water depth, and generally 
varies during the evacuation period.  The design scheme form of the governing equation 
(14) is simulated separately for three cases.  
Case I: Controlled Outflow Rate Q 
When outflow rate Q is fixed, there is no relationship between outflow rate and 
water depth above a particular datum.  Equation (14) can be rewritten as follows. 
           P
A
I
dt
ASd −=)/(                                 (17) 
And,                                                      Pt
A
Vt =                                                              (18) 
In the expression, P = Q/A, is a constant and is the ratio of basin discharge rate over 
watershed area [LT-1]; Vt is the cumulative volume discharged from the basin [L3]. 
For a given design storm, with 
A
tI )( known, the solution of Equation (17) 
A
tS )(  is 
a function of P only, the ratio of the basin discharge rate over watershed area.  
Consequently output variables Vt /A and corresponding r90 can be derived.  That is, given 
a certain value of P, output variables S/A, Vt /A, and r90 are dependent on P only.  
Therefore storage requirement and total volume discharge are a function of loading (ratio 
of outflow discharge rate Q over watershed area A) only, given a certain watershed.  
The fact that parameters b and c are not included indicates that variables S/A, Vt /A, 
and r90 have nothing to with basin geometry, as long as the fixed outflow rate is ensured.  
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However, temporal variations of water depth h and water surface area A’ during a 
rainfall-runoff event loading are related to basin geometry.  To investigate temporal 
variations of these two parameters, the basin geometry has to be specified.  According to 
Equation (15) and (16), for a given basin, the water depth h and water surface area A’ can 
be derived as: 
Ab
A
A
S
A
h cc 1)()( /1/1=                                                       (19) 
cc
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111
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−=                                                             (20) 
Case II: Uncontrolled Outflow Rate Q with Single Orifice or Weir 
In most design situations, outflow Q is not controlled as a constant value.  The 
relationship between the outflow discharge rate and water depth in the basin is expressed 
as follows (Malcolm 1989; Kessler and Diskin 1991). 
a
qhKQ =              (21) 
In the expression, Q is outflow rate [L3T-1]; h is water depth above the outlet [L]; Kq is a 
constant which depends on the geometry and size of the outlet; the exponent, a, depends 
on type of outlet.  Some typical values of a and Kq for single orifice and weir outlet 
structures are shown in Table 6.2.  Therefore, the governing equation, (14) is transformed 
into the following equation, by substitution of Equation (16) and Equation (21). 
    ca
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ASd /)()/( −=                       (23) 
and,                                                  
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A
Q
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V
0
                      (25) 
In (22) - (24) caq
b
A
A
K
P /)(=  and Vt is the cumulative basin volume discharged [L3].  
Since the parameter a is constant and approximately 0.5 for orifice outlets and 1.5 
for weir outlets, given a design inflow hydrograph, the model output variables S/A, Q/A, 
Vt /A and r90 are dependent on P and c only.  In this case the output variables are a 
function of loading and basin geometry.  Given a specific combination of c and P, the 
temporal variation of S/A can be computed by numerically solving Equation (23).  The 
temporal variation of Q/A can be derived with Equation (24) and therefore the 
corresponding r90 value can be determined according to the definition in Figure 6.3.  
Given the basin geometry, temporal variations of water depth h and water surface area A’ 
can be computed by Equation (19) and (20). 
The derivation of the design scheme is summarized in Table 6.3.  In most cases, 
given a design inflow hydrograph, parameters such as Q, S, h, and A’ vary across the 
rainfall-runoff event and the evacuation time.  The significance of the design scheme is 
that the scheme successfully generalizes deterministic variables such as c and P to 
represent the complicated hydrologic and hydraulic processes.  The deterministic 
variables also have their own physical meanings.  For example, in the case of a rainfall-
runoff basin with vertical sides and uncontrolled outflow rate, 
a
q
A
A
A
K
P ⎟⎠
⎞⎜⎝
⎛=
'
.  The 
conditions are even simpler if the outflow rate is controlled, that is, 
A
QP = .  
Case III: Uncontrolled Outflow Rate Q with Multiple Orifices 
In practice, designers also use multiple orifice outlets in comparison to single 
orifice or a single weir from the standpoint of better control over a range of design storms.  
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Table 6.3 Summary of Model Derivation for Water Quantity Control 
 
Model Components Controlled Outflow Q Uncontrolled Outflow Q 
S – h relationship cbhS =     cbhS =    
Q – h relationship Q = constant aqhKQ =  
Governing Equation 
P
A
I
dt
ASd −=)/(  
 
A
QP =  
ca
A
SP
A
I
dt
ASd /)()/( −=  
 
caq
b
A
A
K
P /)(=  
Independent Variables P P, c 
Responding Variables S, A’, h S, A’, Q, h 
Special Example (Basin 
with Vertical Sides) 
b = A’, c = 1 
A’ is constant 
 
b = A’, c = 1 
A’ is constant 
aq
A
A
A
K
P )
'
(=  
Typical Range of 
Parameters Modeled 
P : 0.001, 0.003,  
0.005, 0.008, 0.01 
P : 0.001, 0.003, 0.005, 0.008, 0.01 
c : 1.0, 1.2, 1.5, 2.0, 2.5, 3.0 
 
 
 
Nomenclature defined in table of nomenclature. 
 
The basic governing equation of hydrologic storage for a rainfall-runoff basin is:  
                                                           
A
Q
A
I
dt
ASd −=)/(  
Case I: Outflow discharge rate Q is fixed. Therefore for a given catchment, 
A
QP =  is the 
only independent variable and responding variables basin storage volume S, basin surface 
area A’ and water depth h are a function of P only. 
 
Case II: Outflow discharge rate Q is not fixed. There is relationship between Q and h. For 
a given catchment, P and c are the independent variables and responding variables basin 
storage volume S, basin surface area A’, outflow rate Q and water depth h are a function 
of P and c. 
 
Notes: a = 0.5 with orifice outlet and a = 1.5 with weir outlet.  
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A general geometry is shown in Figure 6.4.  The popularity of this particular design 
results from the more control flexibility that is provided.     
a. In this design case, n orifices with same geometry are assumed to be laid out 
horizontally.  Each orifice have the same value of a and Kq. Therefore according 
to Equation (21), the outflow discharge rate will be linearly additive and a 
function of water depth only as summarized in equation (26). 
a
n
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In the expression, QT is the total outflow discharge rate of multiple orifices; Qi is 
the outflow discharge rate of ith orifice; n is the total number of orifices; d is the 
diameter of each orifice.  The equivalent “diameter” of a conceptual synthesized 
single orifice which functions equivalent to a series of multiple orifices at a given 
level is summarized in Eq. (26) and (27). 
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      dnd ='                                                   (28) 
 In these expressions, d’ is the diameter of the single orifice which functions in an 
equivalent discharge manner to multiple orifices.  In this case, the design 
derivation is similar to Case II, except that the single orifice (diameter d’) is 
equivalent to multiple orifices design (n same orifice with diameter d). 
b.  In this case, mn×'  orifices with same geometry are assumed to be laid out as 
shown in Figure 6.4, m layers with n’ orifices each. Each orifice have the same 
value of a and Kq.  Therefore according to Equation (21), the outflow discharge 
rate will be additional and a function of water depth only, as shown in Eq. (29). 
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∆H1 
∆H2 
∆H3 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 Layout of Multiple Orifices Outlet Structure  
 
The significance of this kind of design lies in the fact that once the outlet structure is set 
up, different discharge conditions can be achieved by turning on/off orifices at different 
locations. In the case of overflow, the multiple orifices outlet functions as a weir outlet 
structure.   
 
d is the diameter of each orifice in multiple orifice outlet structures; iH∆  is the vertical 
difference between each layer [L], i = 1, 2, …, m; m is the number of layers; n’ is the 
number of orifices at each layers. 
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In this expression, iH∆  is the vertical difference between each layer [L]; m is the 
number of layers; n’ is the number of orifices at each layers. 
If 1−∆ mH << h, Equation (29) can be transformed into: 
aa
T hdk
g
hdmkn
g
Q 20
2
0 '4
2
'
4
2 ππ =≈                      (30) 
The equivalent single orifice diameter dmnd ''=                                               (31) 
c. When the layout of mn×'  orifices is the same as case (b), and the assumption of 
1−∆ mH << h is invalid, the situation would be more complicated.  However, the 
performance of such multiple-orifice layout would be between two limiting 
conditions.  One condition is mn×'  orifices laid out at the lowest layer, and the 
other is mn×'  orifices laid out at the highest layer.  In this case, the equivalent 
single orifice diameter dmnd ''= .  The corresponding lower and upper boundary 
of the temporal variations of storage volume, water depth and outflow rate are as 
follows in Eq. (31) through (33). 
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In these expression, Supper and Slower are the upper and lower boundary of storage 
volume [L3]; hupper and hlower are the upper and lower boundary of water depth [L]; 
Qupper and Qlower are the upper and lower boundary of outflow rate [L3T-1]; iH∆  is 
the vertical distance between layers; m is the number of layers; n’ is the number 
of orifices in each layers.  Supper, hupper and Qupper can be obtained by design 
scheme shown in Case (b).  The lower limits of these variables are obtained with 
Equation (32), (33) and (34).  The estimate of evacuation time r90 is also a range 
of values.  The upper boundary of r90 is determined from design charts for single 
orifice with diameter of dmnd ''= .  The lower boundary is estimated according 
to the temporal variation of the lower boundary of outflow rate obtained from 
Equation (34). 
RESULTS 
The goal of this study is to develop a methodology for a general design of 
rainfall-runoff basins for water quantity control.  The following illustrative results are 
based on the database for the instrumented watershed in Baton Rouge, LA.  Similar 
results could be derived for watersheds with different geographic, hydrologic, and 
meteorological conditions using the proposed methodology.    
Determination of Inter-event Time and IDF Curves Generation 
The frequency distribution of inter-event time was determined based on the 
historical Baton Rouge datasets from USGS and DPW and by evaporation simulation  
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based on the meteorological and geographical data for the Baton Rouge watershed as 
shown in Table 6.1.  The evaporation rate was estimated as 0.02 in/hr (0.51 mm/hr) based 
on the results in Table 6.1.  Measured rainfall and runoff data from the site indicate that 
initial abstractions range from approximately 0.01 to 0.02 inches (0.26 to 0.51 mm) 
depending on rainfall intensity, antecedent moisture conditions and traffic loadings.  
According to field observations, the watershed surface dries out within an hour after a 
rainfall-runoff event.  Therefore the evaporation rate of 0.02 in/hr (0.51 mm/hr) ensured 
the ponded rainfall-runoff would be evaporated in one hour.  The precipitation data for 
East Baton Rouge Parish were processed into 1661 independent rainfall events.  The 
probability distribution of the inter-event time, or previous dry hour (PDH) and expected 
value results were illustrated in Figure 6.5.  The probability density function (pdf) was 
modeled using an exponential distribution (Guo 2002).  The expected value of the 
interievent time for Baton Rouge based on the historical data is estimated as 290 hrs.  
The synthesized continuous rainfall data are therefore derived into a number of 
independent rainfall events according to the criterion stated above.  The resulting IDF 
curves developed from those independent rainfall events are illustrated in Figure 6.6.  
Estimated parameters a0, a1 and a2 are shown in Table 6.4.  
Advancement Ratio 
The advancement ratio r is estimated as 0.2 by a weighted averaging of the 
advancement ratio for all of the 1161 independent rainfall events derived from the 2-
minute historical precipitation data (Kibler 1982).  The 0.2 value was different than the 
typical value 0.4 reported in previous literature (Kibler 1982 and Chow et al. 1988).  To 
investigation the effect of different measurement intervals on advancement ratio, the 2- 
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Figure 6.5 Exponential Probability Distribution of Inter-Event Time or Previous Dry 
Hour for East Baton Rouge Parish, LA 
 
Note:   (a) Probability distribution for entire data range; 
 (b) Detailed probability distribution for interested data range. 
 
bxaexf −=)( , where parameters a and b are estimated as 0.3169 and 0.0146, 
respectively, with R2 = 0.9584. 
Expected Value E(x) = 290.8 hr. 
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Figure 6.6 Intensity-Duration-Frequency Curves for Baton Rouge, LA Based on 6- year 
2-min Historical Rainfall Data for East Baton Rouge Parish 
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Table 6.4 Estimated Parameters of IDF Curves for Baton Rouge, LA Developed on DPW 
Database 
 
IDF Parameters Return 
Period a0 a1 a2 
6 years 57.612 0.750 0.015 
3 years 50.223 0.740 0.214 
2 years 36.542 0.688 0.532 
1 years 32.722 0.707 0.791 
6 months 28.816 0.740 0.833 
2 months 21.762 0.782 0.770 
1 month 21.306 0.899 1.972 
 
 
IDF curve formula 
2
0
1 aD
aI a +=  
In the expression, I = Rainfall intensity [in/hr]; D = Duration [min]; a0, a1, a2 = 
Parameters. 
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minute interval precipitation data were aggregated into coarser intervals, for example 
such as 4-minute, 6-minute, etc.  A series of ratios are estimated based on these 
aggregated precipitation data as shown in Figure 6.7  Figure 6.7 demonstrates that the 
advancement ratio is sensitive to and a function of measurement interval.  Precipitation 
data with more precise measurement intervals tend to provide more accurate estimate of 
advancement ratio because more details of rainfall events are recorded.  The trend 
indicated that precipitation data with coarser measurement intervals such as 30-minutes 
may overestimate the advancement ratio.  The advancement ratio curve approached an 
asymptotical limit of 0.4, which was consistent with literature.  The sharp increase at the 
front part of the curve indicated the importance of detailed rainfall data at shorter time 
intervals such as 2-minutes.  Coarser measurement intervals lead to greater discrepancies 
for r.  Typical advancement ratios given in previous work are probably a result of the 
coarser time interval available at that time, most likely hourly precipitation data.  Another 
reason may be that the typical advancement ratio may be different for differing regions.  
It is reasonable to get a different ratio for different geographic locations, in this case, 
Baton Rouge (Chow et al. 1988).  
 Keifer (1957) proposed another method to estimate advancement ratio, in which 
partial duration series (PDS) are utilized instead of actual rainfall events.  Figure 6.7 
demonstrates the effects of different measurement ratios on the estimated advancement 
ratio.  For this study the advancement ratio was chosen as 0.3, an average between the 
results in Figure 6.7 that indicate 0.2 for the 2-minute rainfall data and the historical data 
cited in previous literature utilizing 0.4.     
Derivation of Hydrograph from Hyetograph  
 Response surface plots are defined as two-dimensional contour plots of the 
objective function used to fit the model to observed data.  Here the objective function is  
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Figure 6.7 Variation of Advancement Ratio with Respect to Measurement Intervals 
 
Note: Advancement ratio utilized for this methodology was 0.3. 
 
(a) using actual rainfall events; 
In this case, actual rainfall events derived from historical precipitation data were 
utilized. The advancement ratio is the average advancement ratio for each real rainfall 
event weighted by its actual duration. The original measurement interval was 2 
minutes. The 2-minute precipitation data were synthesized to 4-min, 6-min, …, 60-
min data and the corresponding average advancement ratios were calculated.  
 
(b) using events in partial duration series. 
In this case, partial duration series derived from historical precipitation data were 
utilized. The advancement ratio is the average advancement ratio for each partial 
duration series weighted by their predetermined duration. 
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the Nash-Sutcliffe coefficient.  As shown in the response surface of Ks-ns generated in 
Figure 6.8, the storage constant Ks is calibrated as 7.1 and the non-linearity parameter ns 
is calibrated as 1.6 for the 544-m2 paved urban watershed in Baton Rouge, LA.  
Measured and modeled hydrographs are illustrated in Figure 6.9 and the lumped 
hydrologic watershed model illustrated good agreement with measured data. 
 For illustration purposes of this design methodology, the design hyetograph of 
duration of 1 hour and return period of 1 year and the corresponding hydrograph derived 
from Chicago Method are shown in Figure 6.10.  This design loading is applied to the 
544-m2 watershed for each of the design cases. 
General Design Plots  
Case I: Controlled Flow Rate Q 
According to Equation (17), for a given design hydrograph derived from a given 
design storm, the temporal variation in S/A and corresponding r90 are functions of  Q/A, 
namely, P only.  For a particular P value, the corresponding r90 and Smax can be estimated 
by solving Equation (17).  Figure 6.11 illustrates the relationship between evacuation 
time r90, Smax and Q/A.  It was found that the maximum storage volume Smax, which is one 
criterion for the minimum volume of rainfall-runoff basins, and the evacuation time r90 
decrease as controlled discharge rate Q/A increases.  The evacuation time r90 decrease to 
a minimum limit of 27.6 min as controlled flow rate Q/A increases, for the given inflow 
hydrograph derived for the design storm with return period of 1 year and duration of 1 
hour.  The occurrence of the limiting value of r90 lies in the fact that although the outflow 
discharge rate is designed as Q, it is based on the assumption that there is still water 
stored in the basin.  However, when the outflow rate reaches a certain high level, the 
design outflow rate can not be maintained and the resulting outflow rate is totally 
dependent on the inflow rate.  During the entire impoundment period, there is no water in  
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Figure 6.8 Response Surface Configuration for Ks-ns with Labeled Values of Nash-
Sutcliffe Coefficient, R2 for Baton Rouge, LA Site 
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In the expression, Xi,obs is the measured value; Xi,sim is the simulated value. X  is the 
average of observed values and n is the number of observations. 
 
qi
dt
ds −= ψ ;  snsqKs =  
 
In the expression, s is the storage for a unit watershed surface area (L), ψ is the runoff 
coefficient (dimensionless); i is the rainfall intensity (LT-1), q is the runoff from a unit 
watershed surface area (LT-1); Ks is the storage constant and ns is the non-linearity 
parameter.   
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Figure 6.9 Measured and Modeled Storm Flow Loading Rate of Three Representative 
Events Captured at Baton Rouge, LA Site 
 
The concrete-paved site is 44.6-m long, 12.2-m wide, with a total area of 544-m2 (5853-
ft2). The paved catchment slope is 2.0%.   
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Figure 6.10 Example of Hyetograph and Hydrograph for a Design Storm with Return 
Period of 1 Year and Rainfall Duration of 1 Hour 
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In the expression, i is the simultaneous rainfall intensity at time tb [T] before the peak and 
at time ta [T] after the peak [LT-1]; a0, a1 and a2 are parameters for IDF curve; r is the 
advancement ratio and assumed as 0.284; D is the rainfall duration [T]. 
 
qi
dt
dS −=                            snsqKS =                                 
2
0
1 aD
aI a +=  
In the expression, S is the storage for a unit watershed surface area (L), i is the rainfall 
intensity (LT-1), q is the runoff from a unit watershed surface area (LT-1).  The storage 
constant Ks is calibrated as 10.5 and the non-linearity parameter ns is calibrated as 0.5.  
  210
Q/A [mm/s]
0.00 0.05 0.10 0.15 0.20 0.25
r 9
0 [
m
in
]
1
10
100
1000
10000
S
m
ax /A
 [m
m
]
0
20
40
60
80
r90
r90 = 27.6 min
Smax 
27.6
 
Figure 6.11 Example of Relationship Between Evacuation Time r90, Smax and A
Q  When 
Outflow Rate Q is Controlled  
 
The basic governing equation of hydrologic storage for a rainfall-runoff basin is:  
                                                   
A
Q
A
I
dt
ASd −=)/(  
In this case, outflow discharge rate Q is fixed. Therefore for a given catchment, 
A
QP =  is 
the only independent variable and responding variables basin storage volume S, basin 
surface area A’ and water depth h are a function of P only. 
 
 
                                              P
A
I
dt
ASd −=)/( ,              
A
QP = . 
For a given P, temporal variations of S and h can be computed by solving the differential 
equation. Therefore the corresponding r90 and Smax can be derived.   
  
r90 is evacuation time [T]; Smax is the maximum storage volume [L3]; A is watershed area 
[L2]; Q is out flow rate [L3T]; A’ is basin surface area [L2]. 
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basin.  All of the water coming in is drained out immediately.  In these extreme cases, 
evacuation time r90 is not a function of outflow discharge rate any more.  For a given 
inflow derived from a certain design storm, r90 will reach a limit if outflow rate is too 
high.  The limiting value of 27.6 minutes may seem a little bit low.  The reason may be 
because here the design storm that is dealt with is not an extreme event.  Also this is just 
a minimum limit value, that is, the evacuation time has to be at least 27.6 min.  With 
lower controlled outflow rate, the evacuation time r90 may be as high as 1000 min. 
Case II: Uncontrolled Flow Rate Q 
For a given design hydrograph derived from a given design storm, the temporal 
variation in S/A and corresponding r90 are functions of P and c only.  For a particular pair 
of P and c values, the corresponding r90 and Smax can be estimated by solving Equation 
(22).  Similarly, a series of maximum storage volumes Smax and evacuation time r90 are 
calculated and general design charts can be developed corresponding for different 
combination of P, c and outlet structure cases, as shown in Figure 6.12 and Figure 6.13.  
Results indicate that the maximum storage volumes Smax and evacuation time r90 increase 
with increasing c value, although the effect is more noticeable for the weir outlet as 
compared to the orifice outlet.  The relationships between the maximum storage volumes 
Smax and evacuation time r90 with respect to P are also monotonically decreasing, with a 
more significant effect for weir outlet structure. 
Example Application 
This section outlines how the methodology presented in this study can be applied 
in rainfall-runoff basin design for water quantity control.  In this example, a target 
watershed with area A = 1000 m2 is assumed to be located in the similar geographical 
regions to the instrumented watershed in urban Baton Rouge, LA, that is, the IDF curves 
and rainfall-runoff relationships developed in this study is also applicable for the target  
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Figure 6.12 Relationship Between Evacuation Time r90 and P, c When Out Flow Rate Q 
is Not Controlled  
 
The basic governing equation of hydrologic storage for a rainfall-runoff basin is:  
                                                   
A
Q
A
I
dt
ASd −=)/(  
In this case, outflow discharge rate Q is not fixed. Therefore, the equation becomes 
                                 ca
A
SP
A
I
dt
ASd /)()/( −= , caq
b
A
A
K
P /)(= , aqhKQ = , cbhs =  
For a given catchment, temporal variations of S, Q, A’ and h can be computed by solving the 
differential equation. Therefore the corresponding r90 can be derived.   
  
r90 is evacuation time [T];]; A is watershed area [L2]; h is water depth [L]; Q is out flow rate [L3T]; 
A’ is basin surface area [L2]; b and c are constants depending on the shape of the basin; a and Kq 
are parameters depending on the type of outlets; a = 0.5 for orifice and a = 1.5 for weir. 
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Figure 6.13 Relationship Between Smax and P, c When Out Flow Rate Q is Not Controlled  
 
The basic governing equation of hydrologic storage for a rainfall-runoff basin is:  
                                                   
A
Q
A
I
dt
ASd −=)/(  
In this case, outflow discharge rate Q is not fixed. Therefore, the equation becomes 
                                 ca
A
SP
A
I
dt
ASd /)()/( −= , caq
b
A
A
K
P /)(= , aqhKQ = , cbhs =  
For a given catchment, temporal variations of S, Q, A’ and h can be computed by solving 
the differential equation. Therefore the corresponding r90 can be derived.   
  
Smax is the maximum storage volume [L3]; A is watershed area [L2]; h is water depth [L]; 
Q is out flow rate [L3T]; A’ is basin surface area [L2]; b and c are constants depending on 
the shape of the basin; a and Kq are parameters depending on the type of outlets; a = 0.5 
for orifice and a = 1.5 for weir. 
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watershed of similar land use and cover conditions.  The hydrologic condition is also 
assumed similar, that is, the hydrology routing model calibrated with the experimental 
site is valid as well.  In cases where these conditions are different the same methodology 
is followed and the corresponding IDF curves, hydrology routing model and design 
charts are developed for rainfall-runoff basin designs.   
1. Determine the target evacuation time r90 for water quantity control based on a 
regulatory or design decision.  In this example, the time required to evacuate 90% 
of the volume is set up as 18 hours, namely, 1080 minutes for illustration purpose, 
which is a typical values in literature (Whipple and Randall 1983).   
2. Determine the case for outflow discharge control.  
Option I: In this case, the outflow discharge rate is chosen to be fixed by valving 
or/and pumping.  Therefore, according to Figure 6.11, to achieve the required 
evacuation time r90 of 1080 minutes, the required value for parameter P is 
0.001 mm/s, that is, P = Q/A = 0.001 mm/s and Q = PA = 0.001 m3/s = 60 
L/min.  Similarly, the required value for parameter Smax/A = 65 mm and 
therefore Smax = 65 m3. The temporal variation of storage volume S is 
illustrated in Figure 6.14a.  If basins with vertical sides are chosen, b = A’ 
(basin surface area) and c = 1.  If the basin surface area A’ is chosen as 100 m2, 
the temporal variation of water depth is given in Figure 6.14a.   
The preliminary design results are summarized as follows.  The outflow 
discharge rate is 60 L/min, the required basin volume is 65 m3 above the 
outlet, the basin has vertical sides and the basin surface area is 100 m2.  The 
storage relationship for the detention basin is hS 100= .  The maximum depth 
above the orifice is 0.65 m for the design runoff.  It is noted that this is only 
one example of an acceptable design.  
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Figure 6.14 Temporal Variations of Storage Volume S and Water Depth h  
 
Case (a): The outflow discharge rate is fixed as 60 L/min. The required basin volume is 
65 m3 above the outlet. The basin is with vertical sides and the basin surface area is 100 
m2. The storage relationship for the detention basin is hS 100= . The maximum depth 
above the orifice will be 0.65 m for the design runoff.  
 
Case (b): The outflow discharge rate is not fixed. The storage relationship for the 
detention basin is 204.361 hS = . Therefore the water surface area h
h
SA 04.361' == . The 
outlet is weir type, with kw = 0.7 and the effective crest length L as 1.5 m. The maximum 
depth above the orifice will be 0.42 m for the design runoff and the maximum water 
surface area is 150 m2. The required basin volume is 65 m3 above the outlet.  
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Option II: The outflow discharge rate is controlled by outlet structures and 
geometry and generally varies during the evacuation period.  If a weir outlet 
structure is chosen, according to Figure 6.12, any combination of P and c with 
r90 no less than 1080 minutes would be acceptable.  For instance, if P = 0.006, 
then c = 2.0, that is,  
                                                                 006.0
/
=⎟⎠
⎞⎜⎝
⎛ caq
b
A
A
K
                                       (35) 
The weir-discharge coefficient kw could have a range of values, dependent on 
the weir characteristics.  If a weir with the weir-discharge coefficient kw as 0.7 
is chosen, the following relationship can be obtained from Equation (35).  
                                                                     344.04
1
=−Lb                                              (36) 
Any combination of L and b satisfying Equation (36) is acceptable.  For 
instance, if the effective crest length L is chosen as 1.5 m, then b = 361.04 m.  
According to Figure 6.13, for P = 0.006, c = 2.0, Smax/A = 65 mm, namely, 
Smax = 65 m3.  Since b = 361.04 m, c = 2.0, the maximum flow depth is 
obtained as h = 0.42 m.  The temporal variations of storage volume S and 
water depth h are illustrated in Figure 6.14b. 
 The preliminary design results can be summarized as follows.  The design 
storm loading is a 1-hour, 1-year return storm for Baton Rouge.  The storage 
relationship for the detention basin is 204.361 hS = .  Therefore the water 
surface area A′ = S/h = 361.04h.  The outlet is weir type, with kw = 0.7 and the 
effective crest length L as 1.5 m.  The maximum depth above the orifice is 
0.42 m for the design runoff and the maximum water surface area is 150 m2.  
The required basin volume is 65 m3 above the outlet.  It should be noted that 
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this is only one example of an acceptable design.  By choosing different P-c 
combinations and different weirs with different discharge coefficient kw and 
effective crest length L, different design could also be acceptable.  
Option III: The outflow discharge rate is controlled by multiple orifices.  
According to Figure 6.12, any combination of P and c with r90 no less than 
1080 minutes would be acceptable.  For instance, P is chosen as 0.001, c is 
chosen as 1.0, that is,   
                                                                 001.0
/
=⎟⎠
⎞⎜⎝
⎛ caq
b
A
A
K
                                       (37) 
If a multiple orifice layout is assumed as shown in Figure 6.4 and orifices with 
the orifice-discharge coefficient k0 as 0.4 are chosen, the following 
relationship can be obtained: 
                                                                     0357.02
1
0 =
−
ba                                         (38) 
Any combination of a0 and b satisfying Equation (38) is acceptable.  For 
instance if the equivalent single orifice a0 = 0.05 m2 (10 inch diameter), then b 
= 80.35 m2.  According to Figure 6.13, for P = 0.001, c = 1.0, Smax/A = 68 mm, 
namely, Smax = 68 m3. Since b = 80.35 m2, c = 1.0, the maximum flow depth is 
obtained as being h = 0.84 m.  The temporal variations of storage volume S 
and water depth h are illustrated in Figure 6.15 (the lower boundary). 
The preliminary design results can be summarized as follows.  The storage 
relationship for the detention basin is hS 35.80= .  Therefore the water 
surface area A′= S/h = 80.35 m2.  The orifice-discharge coefficient k0 is 0.4.  
The outlet structure is multiple orifices.  
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Figure 6.15 Temporal Variations of Storage Volume S and Water Depth h for Multiple 
Orifices 
 
Case (c): Altogether there are 2 layers with 3 identical orifices in each layer, with vertical 
distance between layers 0.1 m. The situation would be very complicated. However, the 
performance of such multiple-orifice layout should be somewhat between two extreme 
cases. One is 6 orifices laid out at the lowest layer, and the other is 6 orifices laid out at 
the higher layer.  
The storage relationship for the lower extreme is hS 35.80= . Therefore the water surface 
area 35.80'=A  m. The orifice-discharge coefficient k0 is 0.4. The diameter of identical 
orifice is 4 inches (102 mm), while the equivalent single orifice is 10 inches (254 mm).  
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In the expression, Supper and Slower are the upper and lower boundary of storage volume 
[L3]; hupper and hlower are the upper and lower boundary of water depth [L]; iH∆  is the 
vertical distance between layers [L]; m is the number of layers. 
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Case (a): Any combination of the desired orifice diameter d and number of 
orifice n, which satisfying Equation (28) is acceptable.  For instance, if 6 
identical orifices are laid out horizontally, the desired diameter would be 4 
inches (102 mm).  
Case (b): Since the maximum water depth is 0.84 m and the orifice diameter is 
approximately 0.25 m, the assumption that the vertical distance between 
orifices are negectible compared to water depth is invalid in this case.   
Case (c): If the interval between orifices is set as 0.1 m and there are two 
layers with 3 orifices (4 inches, 102 mm) in each layer.  The relationship 
between the upper and lower boundaries of corresponding temporal variations 
of storage volume S and water depth h are as follows in Eq. (38) through (40) 
and are illustrated in Figure 6.15.  
                                                 035.8
1
1
+=⎟⎟⎠
⎞
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=
lower
cm
i
ilowerupper SHbSS        (39) 
                        1.0+= lowerupper hh                                                         (40) 
52.3+= lowerupper QQ                                                     (41) 
The entire design procedure is summarized in Figure 6.16. 
CONCLUSIONS AND DISCUSSIONS 
Rainfall-runoff basins are commonly applied for water quantity control and 
increasingly for coupled quality control.  This study proposed a methodology whereby 
general design charts are derived for water quantity control.  Basin design parameters 
include basin area, basin volume and basin outlet structure and flow options.  The lumped 
reservoir-routing technique is utilized and several parameters P and c (an index for basin  
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Figure 6.16 Summary of Design Example  
d’ 
(Equation 27)
r90  
(regulatory or designers’ decision) 
P & Smax/A 
(Figure 11) 
P & c, Smax/A  
(Figure 12, 13)
I: fixed Q II: single weir/orifice
kw, L, A k0, d, A
III: multiple orifices
P & c, Smax/A  
(Figure 12, 13)
Q & 
A 
S=bhc S=bhc
S=bhc a b c 
upper & lower boundary
Equation (31, 32, 33) 
d’ 
(Equation 30)
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geometry) are chosen to represent as temporal variables such as h, S.  Illustrative design 
charts based on this proposed methodology are presented utilizing hydrologic data from a 
small urban instrumented watershed in Baton Rouge and historical rain gage data from 
East Baton Rouge Parish where the watershed is located.  Since rainfall-runoff basin 
design commonly couples quantity and quality control a water quality design storm with 
return period of 1 year and duration of 1 hour was developed based on historical 
hydrologic data and illustrated in the methodology.  The methodology can be applied to 
develop similar design charts for different watershed area, different geographic locations 
and different design storm as required.  Developed design charts are useful for designing 
rainfall-runoff basin geometry and outlet structure selection design for quantity control 
and quality control.  This methodology is unique to other methodologies because two 
parameters P and c are utilized to present the time-variant routing process and the 
corresponding estimation of water quantity control performance.  The methodology 
proposed here could be valuable in practices.  The input data provided by designers 
include continuous historical precipitation data, routing relationship between hyetograph 
and hydrograph, and the design criterion, that is, evacuation time.  The series of design 
charts developed would provide a preliminary guideline for sizing rainfall-runoff basins.  
NOMENCLATURE 
 
P    : synthesized rainfall intensity [LT-1];  
Pj   : rainfall intensity recorded at the jth gage[LT-1];  
dj   : distance between jth rain gage and synthesized site [L];  
J   : total number of rainfall gages; 
∆  :  gradient of the saturated vapor pressure [Pa/oC]; 
γp  :  psychrometric constant [Pa/oC];  
Er   :  evaporation rates based on aerodynamic method [LT-1]; 
Ea   :  evaporation rates based on energy balance method [LT-1];]; 
B  :  vapor transfer coefficient;  
Cp   :  specific heat at constant pressure; 
Kh   :  heat diffusivity; 
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Kw   :  vapor diffusivities; 
Rn   :  net radiation [W/m2]; 
ρw   :  water density [kg/m3]; 
k   :  Karman constant, usually taken as 0.4; 
ρa   : air density [mg/L]; 
u2   :  wind velocity at 2 meter height [LT-1];]; 
p  :  air pressure [Pa]; 
z0   :  roughness height of the surface [L]; 
T  :  return period [years];  
M  :  length of historical precipitation data record [years];  
Ri  :  rank for each depth in decreasing order of magnitude, 1, 2, …..M 
a0, a1, a2  :  parameters in 
2
0
1 aD
a
I
a +
= ; 
b0, b1 and b2  :  parameters in 2)( 10
bbDbI += ; 
I  :  rainfall intensity [LT-1];  
D  :  duration [T]; 
ia   :  simultaneous rainfall intensity at time ta [T] after the peak [LT-1];  
ib   :  simultaneous rainfall intensity at time tb [T] before the peak [LT-1]; 
r   :  advancement ratio; 
s  : storage for a unit watershed surface area [L]; 
i   : rainfall intensity [LT-1]; 
q   : runoff from a unit watershed surface area [LT-1]; 
Ks  : storage constant; 
ns   : non-linearity parameter; 
I   : inflow rate [L3T-1];  
Q   : outflow rate [L3T-1];  
S   : storage volume [L3];  
t   : time [T]; 
Vt   : cumulative volume discharged from the basin [L3]; 
QT   : total outflow discharge rate of multiple orifices;  
Qi   : outflow discharge rate of ith orifice;  
n   : total number of orifices;  
d   : diameter of each orifice in multiple orifice outlet structures; 
d’   : diameter of the single orifice which functions equivalently to multiple  
  orifices; 
h   : water depth above the outlet [L];  
b and c  : constants depending on the shape of the basin;  
a and Kq  : parameters depending on the type of outlets; 
r90   : evacuation time [T];  
VR   : total volume of runoff and defined as ∫
∞
0
idt  [L3];  
A’   : basin surface area [L2];  
A  : watershed area [L2]; 
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iH∆   : vertical difference between each layer [L]; 
Supper, Slower  : upper and lower boundary of storage volume [L3];  
hupper, hlower  : upper and lower boundary of water depth [L];  
Qupper, Qlower  : upper and lower boundary of outflow rate [L3T-1];  
n’  : number of orifices in each layers; 
m   : number of layers. 
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CHAPTER 7. A COUPLED DESIGN AND ANALYSIS METHODOLOGY OF 
RAINFALL-RUNOFF BASINS – PART II: WATER QUALITY DESIGN  
 
SUMMARY 
In this study, a novel methodology for a general design of detention basins is 
presented for water quantity and quality (particulate phases) control of rainfall-runoff.  
Part II focused on water quality design and the combination design for both water 
quantity and quality control.  Instead of the traditional index, detention time w90, for 
which the basin detains the runoff to achieve the desired level of treatment, another index 
- particulate removal efficiency – is simulated in for water quality control.  Based on 
reservoir-routing technique, the Hazen’s N equation is coupled with hydrologic storage 
equation to represent the varying process in detention basins.  The equations are 
generalized and solved using a finite-difference method numerically.  The design charts 
resulting from the numerical solutions are useful in determining the stage-storage 
relationship for the basin, the size of the outlet structure, and the required storage volume 
for rainfall-runoff management for both water quantity and quality control. 
INTRODUCTION 
While many traditional storm water control design and regulatory practices are 
based on extreme rainfall-runoff events such as 1 to 100-year return period events for 
quantity control (Heitz et al 2000; Chaves et al. 2003), analyses have demonstrated that 
the 1-year and smaller events that occur more frequently have a greater water quality 
impact and those so-called microevents were suggested to be the objective events for 
water quality control facilities design (EPA 1986; Guo 2002).  Treatment potential of 
rainfall-runoff unit operations and processes (UOPs) such as rainfall-runoff basins has 
become a major focus with recognition that non-point source pollution is now recognized 
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as a major cause of water quality impairment for receiving waters (Heaney 1977; Akan 
1992).  The viability of rainfall-runoff UOPs is a function of coupled quantity and quality 
and requires an integrated analysis of UOPs combining hydrology and water quality 
(Chaves et al. 2003).   
A variety of forms of rainfall-runoff basins are one of the most common UOPs 
and are still also utilized for water quantity control such as peak flow reduction 
(Wanielista and Yousef 1993).  Recent studies demonstrated that rainfall-runoff basins 
also can provide particulate-bound rainfall runoff constituent control, given proper design, 
operation and maintenance (Rice 1971; Di Toro 1975; Goforth et al. 1983; Whipple and 
Randall 1983; Grizzard et al. 1986; Nix et al. 1988; Akan 1990; Guo 1997; Guo 2002).  
Compared to rainfall-runoff quantity control, basins intended for water quality, release 
treated runoff at a relatively slower rate, detaining runoff for longer periods to promote 
particulate-bound constituents removal primarily through sedimentation (Wu et al. 1996; 
Papa et al 1999).  Modeling particulate separation by such basins is typically based on 
some form of sedimentation or overflow rate theory.  Additionally, knowledge of 
constitutive relationships between particles and constituents also provides knowledge as 
to the fate of such constituents based on separation of particles.  For example, knowledge 
of such constitutive relationships for a given set of conditions, such as assuming that 
partitioning of a constituents is functionally proportional to some measure of physical 
particulate quantities (i.e. mass, number, surface area…), allows modeling to include 
particulate-bound constituents (Guo 1997; Papa et al 1999; Sansalone et al. 1997; 
Sansalone and Cristina 2004).  
Currently two design requirements are required for rainfall-runoff basins that 
synthesize both water quantity and quality control: 1) retain the design runoff long 
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enough to achieve the targeted level of particulate or particulate-bound constituent 
treatment; 2) evacuate the design runoff soon enough to provide available storage for the 
next event.  Sizing a rainfall-runoff basin and the inlet/outlet structure are tradeoff 
between these two conflicting requirements (Akan 1992).  Generally a variety of 
methodology available for rainfall-runoff basin design for quality control include (1) 
empirical approaches utilizing fundamental hydraulic parameters, (2) analytical methods 
based on solutions to the governing flow equations, and (3) statistical techniques 
involving rainfall-runoff parameter distributions (Krishnappan and Marsalek 2002; 
Howard 1976; Goforth et al. 1983; Guo and Urbonas 1996; Guo and Hughes 2001; Guo 
2002).  In most cases, inflow hydraulic loadings of rainfall-runoff basins varies during 
the impoundment period, resulting in varying outflow rate, water surface area, storage 
volume, water depth and particle removal efficiency as functions of time.  By 
manipulating the governing equation, the methodology proposed in the study successfully 
represented the complicated hydrologic, hydraulic and treatment process with several 
design parameters dependent on basins’ geometry and outlet structures.  Design charts 
developed according to the proposed methodology would be valuable for basins’ 
preliminary design for both water quantity and quality control.  
OBJECTIVES 
There are three major objectives of this study.  The first objective is derivation of 
a general design scheme for rainfall-runoff basins focused on particle removal.  The 
second objective is to develop a series of design plots under a range of design cases, 
incorporating both water quantity and quality control requirements.  The third objective is 
to illustrate the design and analysis methodology for an urban watershed in Baton Rouge, 
LA.  
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METHODOLOGY 
Design Storm 
As developed in Part I the design storm approach was selected rather than 
continuous simulation (Linsley and Crawford 1974; Loganathan et al. 1994; Nnadi et al. 
1999).  For illustration purpose, a water quality design storm with a return period of 1 
year and a duration of 1 hour was derived and utilized for water quality design.  The 
design hyetograph was developed by the Chicago method and the corresponding 
hydrograph was derived by the lumped reservoir-routing technique. Details are provided 
in Part I. 
Particle Granulometry 
The entire particulate size distribution (PSD) is developed from 12 captured 
rainfall-runoff events where the entire rainfall-runoff volume was captured and a series of 
granulometric analyses conducted.  After air-drying at 40°C, particulate matter obtained 
was disaggregated and sieved through a set of 17 mechanical sieves ranging from 9.5-mm 
(#3/8) through 25-µm (#500).  Sieve analysis followed ASTM D422-63 (ASTM 1993).  
Particle density was determined by inert gas pycnometry and ASTM D5550-94 (ASTM 
1994).  As shown in Figure 7.1, particulate fractions are plotted as suspended (1 to 25 
µm), settleable (25 to 75 µm) and sediment (> 75 µm) fractions on a mass basis.  The 
total gradation and the suspended gradation (1 to 25 µm) are plotted separately in Figure 
7.1. 
Indices and Measurement of Water Quality Control 
Residence time (Detention Time) 
When rainfall-runoff loadings are attenuated by a rainfall-runoff basin, particulate 
removal efficiency can be related an index of basin residence time (Akan 1990; Whipple 
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Figure 7.1 Representative Particle Size Distribution and Settling Velocity for Baton 
Rouge Site 
Note: 
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dgv  In the expression, vt is settling velocity [LT-1]; d is particle 
diameter [L]; ρ  is fluid density [ML-3]; Sρ  is particle density [ML-3]; CD is drag 
coefficient, a function of Red; g is acceleration due to gravity (9.81 m/s2).  
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et al. 1987; Wanielista and Yousel 1993; Longanathan et al. 1994).  It is well understood 
that longer residence time will produce better particle removal rates based on 
conventional settling theories (Papa et al. 1999).  The definition of detention time (or 
residence time) most familiar to designers is given by the pond volume divided by the 
flow rate through the basin (assuming steady-state conditions).  However, this definition 
is applicable only when steady-state conditions prevail (i.e., storage is not changing and 
influent and effluent flow rates are equal) and can not be used directly for rainfall-runoff 
basins because of the variable and intermittent nature of the pond inflows and outflows 
(Walker 1998).  Akan (1992) proposed a detention time, w90 as the parameter for water 
quality control, which is defined as the length of time during which at least 90% of the 
total volume of runoff is impounded in the basin, as shown qualitatively in Figure 7.2.  
The detention time w90 can be determined from storage volume temporal variation graphs 
(storage volume versus time).  If the basin is too small or the outlet structure provides too 
much outflow capacity, the volume of water impounded in storage may never exceed 
90% of the total volume of runoff during the entire impoundment period.  In that case, 
w90 = 0.  The method provides an initial estimation of a water quality control level.  For 
instance when w90 = 0, inefficient particle removal is expected.  There are other measures 
of residence time that characterize the behavior of the basin as either a plug-flow reactor 
or a continuously stirred tank reactor, but the focus of this study is w90.  However, 
residence time alone does not provide sufficient information with respect to particles in 
the basin effluent. 
Effluent Quality 
 The most direct measure of water quality control is effluent concentration or mass.  
For particles, this can be measured on a mass basis (or as a gravimetric concentration).  
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Figure 7.2 Definition of Detention Time w90 
 
Note: S is volume of water in storage above the outlet structure [L3T-1]; VR is total 
volume of runoff and defined as ∫
∞
0
Idt  [L3]; I is inflow rate [L3T-1]; t is time [T]. 
 
Definition of Detention Time w90:  length of time during which at least 90% of the total 
volume of runoff is present in the basin (Akan 1992).  
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Such effluent results are commonly measured as gross composite indices such as 
suspended sediment concentration (SSC), total suspended solids (TSS) or turbidity for the 
suspended fraction of particles.  More fundamentally, effluent results can be measured as 
classes of particles based on particle behavior such as suspended (1 to 25 µm), settleable 
(25 to 75 µm) and sediment (> 75 µm) fractions providing a physical analog to specific 
mechanisms that may be used to separate such classes of particles.  Recently, 
fundamental measurements of particles in effluent are made using particle analyses where 
effluent results are reported in volume concentration [µL/L] or number concentration 
[#/L] for a given size of particle.     
Treatment Efficiency 
Treatment efficiency is one of the most common indices in performance 
assessment. Specifically for rainfall-runoff basins, Hazen’s N equation incorporating 
settling theory is generally the solution. 
Settling Theory 
Particle settling is examined utilizing Newton’s law for terminal settling velocity 
as a function of particle and liquid characteristics (Tchobanoglous and Burton 1991).  
2/1
)(
3
4 ⎥⎦
⎤⎢⎣
⎡ −= ρ
ρρ
D
S
t C
dgv                    (1) 
In the expression, vt is settling velocity [LT-1]; d is particle diameter [L]; ρ  is fluid 
density [ML-3]; Sρ  is particle density [ML-3]; CD is drag coefficient, a function of 
Reynold’s number Red; g is acceleration due to gravity (9.81 m/s2).  The drag coefficient 
CD is variable depending on the flow regime surrounding the particle and the shape of 
particles.  Fair, Geyer and Okun (1968) have developed CD as a function of Reynold’s 
number (Red) using the following regression expression. 
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In the expression, Red is Reynold’s number based on diameter, defined as µ
ρdvt
d =Re , vt 
is settling velocity [LT-1]; µ is dynamic viscosity of the liquid [ML-1T-1]. 
Particularly expressions for vt are depended on the flow regimes (Weber 1972). 
Under laminar flow (Red < 1), settling velocity can be described by Stokes’ Law. 
( ) 2
18
dgv st ρρµ −=             (3) 
In transitional zone (1 < Red <1000) (Weber 1972),  
( )[ ] 714.06.04.06.132.2 −−−= µρρρ dv st           (4) 
Under turbulent flow (Red > 1000),  
( )
ρ
ρρ dg
v st
−= 82.1                    (5) 
Iterative procedure is used to obtain the settling velocity within the transitional 
region.  With initial estimates of vt, Red and CD are calculated.  This CD is substituted 
back into Equation (1) and tv  is recalculated.  Iterations continue until vt values converge.  
Based on 12 events collected from the instrumented watershed in Baton Rouge, LA, the 
PSDs and the corresponding settling velocities are illustrated in Figure 7.1. 
There are many methods to calculate basin particle removal efficiency.  These 
range from simple overflow rate theory to complex numerical models.  While surface 
overflow rate theory is commonly employed in practice and numerical models provide 
powerful computing tools, Hazen’s model provides an analytical semi-empirical model 
with a physical analog for discrete (Type I) settling.  For particles with a given diameter 
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and density, the removal efficiency for a given particle size can be calculated according 
to Hazen’s model, which allows the designer to factor in non-ideal basin hydrodynamics 
through the use of a semi-empirical index, Hazen’s N (Malcom 1989; Fair et al 1968).  
Conceptually, Hazen’s N can be thought of as the number of hypothetical continuously 
stirred tank reactors (CSTR) of which the basin is comprised.  The basin can be modeled 
at one extreme as a single CSTR (N = 1) or at the other extreme as a plug flow reactor 
with N = ∞.  In practice N varies from 1 to 5 (Malcom 1989).  Values of N can be 
estimated by tracer studies. 
ptt
t
N −= 50
50
            (6) 
In the expression, t50 and tp represent the time for 50% and the time for peak tracer 
concentration to appear in the effluent, respectively.  The typical value of N for CSTR is 
1 and the greater the N value is, the closer the basin operation approaching plug flow.  
For design purpose, a series of N values is used to develop design charts.  Hazen’s 
equation for the fraction of particles removed for any particle size increment is given by 
the following equation (Fair and Geyer 1954).   
Nt
NQ
Av −+−= )'1(1β           (7) 
In this expression, β is the particle fraction of a given size increment removed; A′ is the 
basin surface area [L2]; Q is the effluent flow rate [L3T-1]; vt is the particle terminal 
settling velocity [LT-1].  If the inflow PSD on a mass or number basis is known, (along 
with an estimate of specific gravity) the PSD mass removal efficiency is determined. 
                                                          
∑
∑ ∑
=
= == l
i
i
l
i
n
j
ijji
Tm
m
Mm
1
1 1
β
β                       (8) 
  236
N
i
ij
ij NQ
Av −+−= )'1(1β                      (9) 
In the expression, βTm is the total mass removal efficiency for inflow; Qi is the outflow 
rate at ith time step; Ai’ is the basin surface area at ith time step; Mj is the mass 
percentage of jth-size particle out of total particles; βij is the mass removal efficiency for 
jth-size particle at ith time step; υj is the settling velocity for jth-size particle [LT-1]; mi is 
the particle mass at ith time step [M]; i = 1, 2, …., l; j = 1, 2, …., n.  A similar expression 
for particle number is derived. 
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In the expression, βTn is the total number removal efficiency for inflow; Nj is the number 
percentage of jth-size particle out of total particles; βij is the mass removal efficiency for 
jth-size particle at ith time step; ni is the particle number at ith time step [M]; i = 1, 2, …., 
l; j = 1, 2, …., n. 
Therefore, the removal efficiency is determined by basin design parameters, 
hydrology and hydraulics, and constitutive parameters such as particle settling velocity, 
basin hydrodynamics as inferred by Hazen’s N and surface hydraulic loading rate Q/A’.   
Design Scheme Development 
Since rainfall-runoff basins are designed to meet both water quantity and quality 
control requirement, the design scheme consists of quantity and quality components.  In 
the water quantity control component, a series of lumped hydrologic routing simulations 
are conducted to derive temporal variations of parameters such as outflow discharge rate, 
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storage volume, water depth, water surface area, and the corresponding water quantity 
control index – evacuation time, which is defined in Part I.  In the water quality control 
component, particle removal efficiency is computed by Hazen’s equation incorporating h 
temporal variations of parameters derived in the water quantity control component.  
Finally a series of design charts are plotted by combining two indices; evacuation time 
and particle removal efficiency.    
The governing equation of hydrologic storage for a rainfall-runoff basin is as 
follows.   
QI
dt
dS −=                        (11) 
or      
A
Q
A
I
dt
ASd −=)/(                        (12) 
In the expression, I is inflow rate [L3T-1]; A is watershed area [L2]; Q is outflow rate [L3T-
1]; S is the storage volume [L3]; t is time [T].  The normalization of the governing 
equation to the watershed area A is initiated by Equation (1).  The reason that the 
governing equation is scaled with respect to watershed area A instead of basin water 
surface area A’ the more common scaling parameter from a surface overflow theory 
perspective is because in most cases basin surface area A’ is a variable.  The addition of A 
into the governing equation leads to more general applicability of this design scheme to 
any watershed area, A.  As is always the case, while the watershed area is a constant, the 
variable relationship between rainfall and runoff for a particular watershed must be 
measured or modeled, for example with a unit hydrograph model.  For basins with side 
slopes, the surface area A’ of the storage volume varies with water depth.  In this study, 
water surface area A’ is defined in the following equation. 
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h
SA ='                                                        (13) 
In the expression, S is the storage volume in basins [L3]; h is water depth [L]. 
For most natural and constructed reservoirs, the relationship between storage 
volume, water depth and basin surface area can be expressed using a power law function 
(Malcolm 1989; Kessler and Diskin 1991). 
cbhS =           (14) 
In this expression, h is water depth above a specified datum, in this case the outlet [L]; b 
and c are constants depending on the shape of the basin.  The value of c ranges from 1 to 
3, with 1 for basins with vertical sides and 3 for conic basins with slopes.  On the contrast, 
the variation of parameter b is more significant.  In the case of basins with vertical sides, 
parameter b indicates the basin surface area A’.    
According to Equation (7), particle removal efficiency is a function of Hazen’s N, 
outflow discharge rate Q, water surface area A’ and terminal settling velocity vt.  In most 
cases, for a given rainfall-runoff basin, the removal efficiency of particles of a given size 
varies during the impoundment period because of the variable nature of Q and A’.  
Similarly to hydrologic design in Part I, the water quality control design scheme is 
derived for three cases.  
Case I: Controlled Outflow Rate Q 
When outflow rate Q is fixed, there is no relationship between outflow rate and 
water depth.  Equation (12) can be rewritten as follows. 
           P
A
I
dt
ASd −=)/(                                 (15) 
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And,                                                      Pt
A
Vt =                                                              (16) 
In these expressions, P = Q/A, the ratio of the basin discharge rate divided by the 
watershed area [LT-1]; and Vt is the cumulative volume discharged from the basin [L3].  
The combination of Equation (13) and (14) leads to: 
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In this expression, c
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Therefore, Equation (7) is transformed into the following equation. 
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In this expression, β is the mass fraction of the particles of a given size increment 
removed.  Therefore,              
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In this expression, βij is the mass removal efficiency for jth-size particle at ith time step; 
υj is the settling velocity for jth-size particle [LT-1]; Si is the storage volume at ith time 
step.  
Given a design inflow hydrograph and a fixed outflow discharge rate Q, variable 
S/A is computed by solving Equation (15) with finite difference method, which replaces 
derivatives in partial differential equations with difference formulae which may include 
function values at neighboring grid points (Neumaier 2001).  Consequently other 
variables Vt/A, r90 , w90 can be calculated and all of these variables are dependent on P 
only.  In comparison, the calculation of total removal efficiency of particles, βT is more 
complicated.  The calculation involves Equation (22), Equation (8), PSDs and 
corresponding settling velocities.  In this study, the particle size distribution and 
corresponding settling velocities derived for Baton Rouge watershed, and summarized in 
Figure 7.1 are utilized.  Based on Equation (21), in addition to P, βT is also a function of 
Hazen’s N, H and c.  By utilizing different combinations of c, P, Hazen’s N and H, a 
number of computations are made to evaluate total particle removal efficiency βT with 
Equation (22) and (8).  The input data for the numerical runs include inflow hydrograph 
and different values of P, c, N and H listed in Table 7.1.  For a given basin, the water 
depth h and water surface area A’ can be derived according to Equation (17) and (18).  
While these design charts are developed for a 1-year, 1-hour return event, similar design 
charts can be developed corresponding to various combination of different return periods 
and rainfall durations. 
Case II: Uncontrolled Outflow Rate Q with Single Orifice or Weir 
When outflow rate Q is only controlled by the basin outlet structure, the 
relationship between the outflow discharge rate and water depth in the basin can be 
expressed as follows (Malcolm 1989; Kessler and Diskin 1991). 
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Table 7.1 Summary of Model Derivation 
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Independent 
Variables P, H, N, c P, H, N, c 
Dependent 
Variables S/A, A’, h, β S/A, A’, Q/A, h, β 
Special 
Example 
(Vertical 
Sides) 
Constants: P, H, N 
Variables: S/A, h, β 
n = 1, b = A’, c = 1 
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Constants: P, H, N, A’ 
Variables: S/A, h, Q/A, β 
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Typical 
Values 
P : 0.001, 0.003, 0.005, 0.008, 0.01 
c : 1.0, 1.2, 1.5, 2.0, 2.5, 3.0 
N : 1, 2, 3, 4, 5, ∞ 
H : 10, 20, 50, 100, 500 
P : 0.001, 0.003, 0.005, 0.008, 0.01 
c : 1.0, 1.2, 1.5, 2.0, 2.5, 3.0 
N : 1, 2, 3, 4, 5, ∞ 
H : 10, 20, 50, 100, 500 
 
Note: See Nomenclature for definition of parameters. 
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a
qhKQ =              (23) 
In this expression, Q is the outflow rate [L3T-1]; h is water depth above the outlet [L]; Kq 
is a constant which depends on the geometry and size of the outlet; a depends on the type 
of outlet, namely, a = 0.5 for orifice and a = 1.5 for weir.  Therefore, Equation (12) can 
be transformed into the following, by substituting Equation (14) and Equation (23). 
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In this expression, caq
b
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P /)(= ; and Vt is the cumulative volume discharged from the 
basin [L3].  According to Equation (17) and (18),  
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Therefore, Equation (7) is transformed into the following equation. 
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Therefore, the following equation is obtained. 
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In this expression, βij is the mass removal efficiency for jth-size particle at ith time step; 
υj is the settling velocity for jth-size particle [LT-1]; Si is the storage volume at ith time 
step.  
Given a design inflow hydrograph and a certain outlet geometry (orifice, weir or 
orifice combination), the solution of variable S/A by numerically solving Equation (24) 
with finite difference method are dependent on P and c only.  Based on this, other 
variables Vt/A, r90 , w90 can be calculated.  The calculation of total removal efficiency of 
particles is similar to Case I.  According to Equation (30), in addition to P and c, βT is 
also a function of Hazen’s N and H.  By using typical combinations of c, P, Hazen’s N 
and H, a number of numerical runs are made to evaluate total particle removal efficiency 
βT for the Baton Rouge gradation.  In a similar fashion charts can be developed 
corresponding to various combination of different return periods and rainfall durations; 
other than the 1-year, 1-hour design storm illustrated. 
The derivation of the design scheme is summarized in Table 7.1.  In most cases, 
given a design inflow hydrograph, parameters such as Q, S, h, A’, β vary across the 
duration of the event.  The significance of the derivation presented above is to 
successfully generalize the deterministic variables of c, P, Hazen’s N and H to synthesize 
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the complicated combination of hydrologic and hydraulic processes as well as 
constitutive particle properties.  The deterministic variables also have their own physical 
meanings.  In the very special case of a basin with vertical sides and uncontrolled outflow 
rate, 
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AH =  and 
a
q
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A
A
K
P ⎟⎠
⎞⎜⎝
⎛=
'
.  The situation would be even simpler if the outflow 
rate is controlled, in which 
'A
AH =  and 
A
QP = .  
Case III: Uncontrolled Outflow Rate Q with Multiple Orifices 
In practice, designers also use multiple orifice outlets in comparison to single 
orifice or a single weir from the standpoint of better control over a range of design storms.  
A general geometry is shown in Part I.  The popularity of this particular design results 
from the more control flexibility that is provided.     
a. In this design case, n orifices with same geometry are assumed to be laid out 
horizontally.  Each orifice have the same value of a and Kq.  The performance of a 
multiple orifice configuration could be represented by a single equivalent orifice.  
The relationship between orifice diameter in a multiple orifice case and the 
diameter of the conceptual synthesized single orifice is given in Eq. 32. 
      dnd ='                                                   (32) 
In this expression, d’ is the diameter of the single orifice which functions 
equivalently to a multiple orifice case.  In this case, the design derivation is 
similar to Case II, except that the single orifice (diameter d’) is equivalent to 
multiple orifices design (n equal-sized orifice openings with diameter d). 
b. In this case, mn ×'  orifice openings of the same geometry are assumed to be laid 
out as m layers with n’ orifice openings each.  Each orifice has the same value of 
  245
a and Kq.  If the vertical distance between layers is negligible compared to water 
depth, the performance of this configuration can be represented by an equivalent 
single orifice.  The relationship between orifice diameter in a multiple orifice 
configuration and the diameter of a conceptual synthesized single orifice is given 
in Eq. 33. 
dmnd ''=                                                 (33) 
c. When the layout of mn ×'  orifice openings is the same as case (b), and the 
assumption of 1−∆ mH << h is invalid, the performance of such multiple-orifice 
layout should be somewhat between two extreme cases.  One extreme is mn ×'  
orifices at the lowest layer, and the other is mn ×'  orifices at the highest layer.  In 
this case, the equivalent single orifice diameter dmnd ''= .  The corresponding 
lower and upper boundary of the temporal variations of storage volume and water 
depth are as follows: 
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In the expression, Supper and Slower are the upper and lower boundary of storage 
volume [L3]; hupper and hlower are the upper and lower boundary of water depth [L]; 
Qupper and Qlower are the upper and lower boundary of outflow rate [L3T-1]; iH∆  is 
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the vertical distance between layers; m is the number of layers; n’ is the number 
of orifice openings in each layers.  Supper, hupper and Qupper can be obtained by 
design scheme shown in Case (b).  The lower boundary of these variables can be 
obtained with Equation (34), (35) and (36).  The estimate of evacuation time βT 
would be a range as well.  The upper boundary of βT is found design charts for a 
single orifice with diameter, dmnd ''= .  The lower boundary, however, is 
estimated with Equation (31), Equation (8), particle size distribution and 
corresponding settling velocities and the temporal variation of the lower boundary 
of storage volume obtained from Equation (34). 
RESULTS 
General Design Plots  
The goal of this study is to develop a methodology for a general design of 
rainfall-runoff basins for both water quantity and quality (suspended – sediment particle) 
control.  The following results are based on the water quality and quantity database for 
the instrumented watershed in Baton Rouge, LA.  Similar results could be derived for 
watersheds with different geographical, hydrological, meteorological and granulometric 
conditions through use of the proposed methodology.  These results are based on a 1-year, 
1-hour design storm derived in Part I for the Baton Rouge watershed.    
Case I: Controlled Flow Rate Q 
Compared to utilization of evacuation time r90 as a surrogate index for basin water 
quality control, the estimation of removal efficiency involves more parameters such as c, 
Hazen’s N and H, as shown in Equation (21).  Simulation of removal efficiency results 
are shown in Figure 7.3 through 7.6.  Results summarized in these figures indicate that all 
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four parameters; H, controlled flow rate Q/A, basin shape index, c and Hazen’s N show 
effects on the suspended particle gradation (1 to 25 µm) and the total gradation (1 to 9500 
µm) removal.  Specifically, the role of H and controlled flow rate Q/A are more 
significant than those of c and Hazen’s N, as shown in Figure 7.7.  It is also noted that the 
effects of all of those parameters on total removal efficiency are more significant for 
suspended particle gradation than the total gradation.  The reason may be that within the 
range of Q/A simulated, most of the sediment and settable fraction, which is the major 
part for the total gradation, has been successfully removed, and consequently different 
values of parameters such as H, P, may not lead to significant difference in total solids 
removal, compared to the suspended solids fraction.  If the simulation range of Q/A 
extends to such a level that a considerable fraction of total particles is still retained in the 
effluent, the effects of those parameters on total particles removal efficiency would be 
more significant.  However, the range of Q/A given in this study is of the most interest 
because of regulatory requirements.  According to Equation (21), basins with vertical 
sides are one of the extreme situations in that the removal efficiency is constant as long as 
the outflow discharge rate is maintained at the target value.  The simulation results are 
shown in Figure 7.8 and 7.9.  In this case, c = 1, n = 1 and H denotes the ratio of 
watershed area and basin area.     
Case II: Uncontrolled Flow Rate Q 
A series of r90-βT pairs are calculated and general design charts are developed 
corresponding to different combination of P, c, Hazen’s N, H and outlet structures.  The 
simulation results are shown in Figures 7.10 through 7.17.  As with Case I, compared to 
evacuation time r90, the estimation of removal efficiency involves more parameters such 
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as c, Hazen’s N and H, as shown in Equation (30).  It is found that all of the parameters, 
H, controlled flow rate Q/A, basin shape index, c and Hazen’s N show effects on the 
suspended particle gradation (1 to 25 µm) and the total gradation (1 to 9500 µm) removal.  
Specifically, the role of H and controlled flow rate Q/A are more significant than the role 
of c and Hazen’s N, as shown in Figure 7.18 and 7.19. 
These charts and design/analysis methodology can be used conveniently for sizing of 
rainfall-runoff basins and outlet structures for particulate removal.  The methodology also 
provides an efficient methodology for designers if other design storms derived from 
various combinations of different return periods and rainfall durations are preferred. 
Example Application of Methodology    
This example illustrates how the methodology presented in this study can be 
applied to rainfall-runoff basin design for both water quantity and quality control.  In this 
example, a target watershed with area A = 1000 m2 is assumed to be located in urban 
Baton Rouge, LA, with similar loadings, similar granulometry and similar IDF curves as 
developed in this study.  The hydrologic transport conditions are also assumed similar, 
that is, the hydrologic routing model calibrated with the experimental site is valid as well.  
In cases where these conditions are different, the same methodology could be followed 
and watershed-specific IDF curves, hydrologic routing model, and design charts could be 
developed for rainfall-runoff basin design.   
Determine the target evacuation time r90 for water quantity control according to either 
regulations or designers’ decision.  In this example, the time required to evacuate 
90% of the volume is set up as 18 hours, namely, 1080 minutes, a typical value in 
literature (Whipple and Randall 1983).  The target particle removal efficiency could  
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Figure 7.3 General Design Plot for Suspended Particles Removal When Flow Rate Q/A 
(P) is Controlled and H = 10 
 
These are based on Equation (15) (22) and (8) for suspended particles (< 25 µm). 
Note: c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, cbhs = ; h is water 
depth [L]; A is watershed area [L2]; Q is the controlled out flow rate [L3T-1]; N is Hazen’s N.  
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Figure 7.4 General Design Plot for Total Particles Removal When Flow Rate Q/A is 
Controlled and H = 10 
 
These are based on Equation (24) (31) and (8) for total particles (< 4750 µm). 
 Note: c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, cbhs = ; h is 
water depth [L]; A is watershed area [L2]; Q is the controlled out flow rate [L3T-1]; N is Hazen’s 
N. 
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Figure 7.5 General Design Plot for Suspended Particles Removal When Flow Rate Q/A is 
Controlled and H = 50 
 
These are based on Equation (15) (22) and (8) for suspended particles (< 25 µm). 
Note: c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, cbhs = ; h is water 
depth [L]; A is watershed area [L2]; Q is the controlled out flow rate [L3T-1]; N is Hazen’s N.  
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Figure 7.6 General Design Plot for Total Particles Removal When Flow Rate Q/A is 
Controlled and H = 50 
 
These are based on Equation (24) (31) and (8) for total particles (< 4750 µm). 
Note: c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, cbhs = ; h is water 
depth [L]; A is watershed area [L2]; Q is the controlled out flow rate [L3T-1]; N is Hazen’s N.  
  253
0.00 0.05 0.10 0.15 0.20 0.25
Su
sp
en
de
d 
Pa
rt
ic
le
s 
R
em
ov
al
 E
ffe
ci
en
cy
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
N = 1
N = 2
N = 3
N = 4
N = 5
N = infinite
P
0.00 0.05 0.10 0.15 0.20 0.25
To
ta
l P
ar
tic
le
s
R
m
ov
al
 E
ffi
ci
en
cy
0.4
0.5
0.6
0.7
0.8
0.9
0.00 0.05 0.10 0.15 0.20 0.25
0.0
0.1
0.2
0.3
0.4
0.5
H = 10
H = 20 
H = 50 
H = 100 
H = 500 
P
0.00 0.05 0.10 0.15 0.20 0.25
0.0
0.2
0.4
0.6
0.8
1.0
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7 Relationship Between Particulate Removal Efficiency and P, N and H When 
Flow Rate Q/A is Controlled 
 
Results for suspended particles are based on Equation (15) (22) and (8) for suspended 
particles (< 25 µm). Results for total particles are based on Equation (24) (31) and (8) for 
total particles (< 4750 µm). 
Note: c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, cbhs = ; h 
is water depth [L]; A is watershed area [L2]; Q is the controlled out flow rate [L3T-1]; N is 
Hazen’s N.  
 
In study of relationship between Removal Efficiency and N, an example is given for H = 
50, c = 1.0; 
In study of relationship between Removal Efficiency and H, an example is given for N = 
5, c = 1.0.
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Figure 7.8 General Design Plot for Suspended Particles Removal for Detention Basins 
with Vertical Sides When Flow Rate Q/A is Controlled 
 
These are based on Equation (15) (22) and (8) for suspended particles (< 25 µm). 
Note:  In this case, c =1, b = A’, 
'A
AH = . hAs '= ; h is water depth [L]; A is watershed area 
[L2]; Q is the controlled out flow rate [L3T-1]; N is Hazen’s N.  
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Figure 7.9 General Design Plot for Total Particles Removal for Detention Basins with 
Vertical Sides When Flow Rate Q/A is Controlled 
 
These are based on Equation (24) (31) and (8) for total particles (< 4750 µm). 
Note:  In this case, c =1, b = A’, 
'A
AH = . hAs '= ; h is water depth [L]; A is watershed area 
[L2]; Q is the controlled out flow rate [L3T-1]; N is Hazen’s N.  
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Figure 7.10 General Design Plot for Suspended Particles Removal When Flow Rate Q/A 
is Uncontrolled and H = 10 for Weir Outlet Structures 
 
These are based on Equation (15) (22) and (8) for suspended particles (< 25 µm). 
 
Note: caq
b
A
A
K
P /)(= , c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, 
cbhs = ; a and Kq are parameters depending on the type of outlets, aqhKQ = ; A is watershed 
area [L2]; Q is out flow rate [L3T-1]; h is water depth [L]; N is Hazen’s N.  
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Figure 7.11 General Design Plot for Total Particles Removal When Flow Rate Q/A is 
Uncontrolled and H = 10 for Weir Outlet Structures 
 
These are based on Equation (24) (31) and (8) for total particles (< 4750 µm). 
Note: caq
b
A
A
K
P /)(= , c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, 
cbhs = ; a and Kq are parameters depending on the type of outlets, aqhKQ = ; A is watershed 
area [L2]; Q is out flow rate [L3T-1]; h is water depth [L]; N is Hazen’s N.  
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Figure 7.12 General Design Plot for Suspended Particles Removal When Flow Rate Q/A 
is Uncontrolled and H = 10 for Orifice Outlet Structures 
 
These are based on Equation (15) (22) and (8) for suspended particles (< 25 µm). 
 
Note: caq
b
A
A
K
P /)(= , c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, 
cbhs = ; a and Kq are parameters depending on the type of outlets, aqhKQ = ; A is watershed 
area [L2]; Q is out flow rate [L3T-1]; h is water depth [L]; N is Hazen’s N.  
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Figure 7.13 General Design Plot for Total Particles Removal When Flow Rate Q/A is 
Uncontrolled and H = 10 for Orifice Outlet Structures 
 
These are based on Equation (24) (31) and (8) for total particles (< 4750 µm). 
 
Note: caq
b
A
A
K
P /)(= , c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, 
cbhs = ; a and Kq are parameters depending on the type of outlets, aqhKQ = ; A is watershed 
area [L2]; Q is out flow rate [L3T-1]; h is water depth [L]; N is Hazen’s N.  
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Figure 7.14 General Design Plot for Suspended Particles Removal When Flow Rate Q/A 
is Uncontrolled and H = 50 for Orifice Outlet Structures 
 
These are based on Equation (15) (22) and (8) for suspended particles (< 25 µm). 
 
Note: caq
b
A
A
K
P /)(= , c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, 
cbhs = ; a and Kq are parameters depending on the type of outlets, aqhKQ = ; A is watershed 
area [L2]; Q is out flow rate [L3T-1]; h is water depth [L]; N is Hazen’s N.  
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Figure 7.15. General Design Plot for Total Particles Removal When Flow Rate Q/A is 
Uncontrolled and H = 50 for Orifice Outlet Structures 
 
These are based on Equation (24) (31) and (8) for total particles (< 4750 µm). 
Note: caq
b
A
A
K
P /)(= , c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, 
cbhs = ; a and Kq are parameters depending on the type of outlets, aqhKQ = ; A is watershed 
area [L2]; Q is out flow rate [L3T-1]; h is water depth [L]; N is Hazen’s N.  
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Figure 7.16 General Design Plot for Suspended Particles Removal When Flow Rate Q/A 
is Uncontrolled and H = 50 for Weir Outlet Structures 
 
These are based on Equation (15) (22) and (8) for suspended particles (< 25 µm). 
 
Note: caq
b
A
A
K
P /)(= , c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, 
cbhs = ; a and Kq are parameters depending on the type of outlets, aqhKQ = ; A is watershed 
area [L2]; Q is out flow rate [L3T-1]; h is water depth [L]; N is Hazen’s N.  
  263
N=infinite
1e+1 1e+2 1e+3 1e+4 1e+5
N=5
1e+1 1e+2 1e+3 1e+4 1e+5
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
N=3
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
N=4
N=2N=1
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
P
c
To
ta
l P
ar
tic
le
s
R
em
ov
al
 (%
)
r90 [min]
To
ta
l P
ar
tic
le
s
R
em
ov
al
 (%
)
r90 [min]
c = 1.0, 1.2, 1.5, 2.0, 2.5, 3.0
P = 0.001, 0.003, 0.005, 0.008, 0.01
1.0
1.2
0.001
0.01
1.0
1.2
0.001
0.01
1.0
1.2
0.001
0.01
1.0
1.2
0.001
0.01
1.0
1.2
0.001
0.01
1.0
1.2
0.001
0.01
To
ta
l P
ar
tic
le
s
R
em
ov
al
 (%
)
 
 
Figure 7.17 General Design Plot for Total Particles Removal When Flow Rate Q/A is 
Uncontrolled and H = 50 for Weir Outlet Structures 
 
These are based on Equation (24) (31) and (8) for total particles (< 4750 µm). 
 
Note: caq
b
A
A
K
P /)(= , c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, 
cbhs = ; a and Kq are parameters depending on the type of outlets, aqhKQ = ; A is watershed 
area [L2]; Q is out flow rate [L3T-1]; h is water depth [L]; N is Hazen’s N. 
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Figure 7.18 Relationship between Particulate Removal Efficiency and P, N and H When 
Flow Rate Q/A is Not Controlled for Orifice Outlet 
 
Results for suspended solids are based on Equation (15) (22) and (8) for suspended solids (< 25 
µm). Results for total particles are based on Equation (24) (31) and (8) for total particles (< 4750 
µm). 
Note: caq
b
A
A
K
P /)(= , c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, 
cbhs = ; a and Kq are parameters depending on the type of outlets, aqhKQ = ; A is watershed 
area [L2]; Q is out flow rate [L3T-1]; h is water depth [L]; N is Hazen’s N.  
 
In study of relationship between Removal Efficiency and N, an example is given for H = 50, c = 
1.0; 
In study of relationship between Removal Efficiency and H, an example is given for N = 3, c = 
1.0.
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Figure 7.19 Relationship Between Particulate Removal Efficiency and P, N and H When 
Flow Rate Q/A is Not Controlled for Weir Outlet 
 
Results for suspended particles are based on Equation (15) (22) and (8) for suspended particles (< 
25 µm). Results for total particles are based on Equation (24) (31) and (8) for total particles (< 
4750 µm). 
Note: caq
b
A
A
K
P /)(= , c
b
AH
1
⎟⎠
⎞⎜⎝
⎛= . b and c are constants depending on the shape of the basin, 
cbhs = ; a and Kq are parameters depending on the type of outlets, aqhKQ = ; A is watershed 
area [L2]; Q is out flow rate [L3T-1]; h is water depth [L]; N is Hazen’s N.  
 
In study of relationship between Removal Efficiency and N, an example is given for H = 50, c = 
1.0; 
In study of relationship between Removal Efficiency and H, an example is given for N = 3, c = 
1.0. 
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be based on either the total particulate gradation or the suspended particulate 
gradation.  In this example a particle removal efficiency on a mass basis for the 
entire particulate gradation is chosen. 
2. Set the required average total particles removal efficiency according to either 
regulations or designers’ decision.  In this case, 85% is chosen for total particle 
gradation.  
Case I: The outflow discharge rate is chosen to be fixed.  According to Figure 11  
in Part I, to achieve evacuation time no shorter than 1080 minutes, parameter 
Q/A has to be no more than 0.005 mm/s, that is, Q = PA = 0.02 m3/s = 120 
L/min.  According to Figure 4 and 6, it turns out that no matter what values 
parameters H, c, and N might be, the total removal efficiency of total particles 
is always larger than 85%, that is, as long as the outflow discharge rate is 
maintained less than 120 L/min, the required evacuation time and targeted 
removal efficiency of total particles can be both satisfied, regardless of basin 
geometry. 
Case II: The outflow discharge rate is controlled by outlet structures and geometry 
and generally varies during the impoundment period.  If weir outlet structure 
is chosen, according to Figure 7.11, to achieve evacuation time no shorter than 
1080 minutes and removal efficiency no less than 85%, one design is that H = 
10, N = 1, P = 0.006 and c = 2.0, that is, 
                                                                 006.0
/
=⎟⎠
⎞⎜⎝
⎛ caq
b
A
A
K
                                       (37) 
By assuming the weir-discharge coefficient kw as 0.7, the following 
relationship can be obtained: 
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                                                                     344.04
1
=−Lb                                              (38) 
Any combination of L and b satisfying Equation (38) is acceptable.  For 
instance, if the effective crest length L is chosen as 1.5 m, then b = 361.04 m.  
According to Figure 6.13 in Part I, for P = 0.006, c = 2.0, Smax/A = 65 mm, 
namely, Smax = 65 m3.  Since b = 361.04 m, c = 2.0, the maximum flow depth 
is obtained as being h = 0.42 m.  The temporal variations of storage volume S 
and water depth h are illustrated in Figure 14b in Part I. 
The preliminary design results can be summarized as follows.  The storage 
relationship for the detention basin is 204.361 hS = .  Therefore The water 
surface area h
h
SA 04.361' == .  The outlet is weir type, with kw = 0.7 and the 
effective crest length L as 1.5 m.  The maximum depth above the orifice will 
be 0.42 m for the design runoff and the maximum water surface area is 150 m2.  
The required basin volume is 65 m3 above the outlet.  It should be noted that 
this is only one example of an acceptable design.  
Case III: The outflow discharge rate is controlled by multiple orifices.  According 
to Figure 7.13, to achieve evacuation time no shorter than 1080 minutes and 
removal efficiency for total particle gradation no less than 85%, one 
possibility is that H = 10, N = 1, P = 0.001 and c = 1.0, that is,  
                                                                 001.0
/
=⎟⎠
⎞⎜⎝
⎛ caq
b
A
A
K
                                       (39) 
If assume the orifice-discharge coefficient k0 = 0.4, the following relationship 
can be obtained: 
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                                                                     0357.02
1
0 =
−
ba                                         (40) 
Any combination of a0 and b satisfying Equation (40) is acceptable.  For 
instance if the equivalent single orifice a0 = 0.05 m2 (10 inches diameter), then 
b = 80.35 m2.  According to Figure 6.13 in Part I, for P = 0.001, c = 1.0, 
Smax/A = 68 mm, namely, Smax = 68 m3.  Since b = 80.35 m2, c = 1.0, the 
maximum flow depth is obtained as being h = 0.84 m.  The temporal 
variations of storage volume S and water depth h are illustrated in Figure 14b. 
The preliminary design results can be summarized as follows. The storage 
relationship for the detention basin is hS 35.80= .  Therefore the water 
surface area 35.80' ==
h
SA  m.  The orifice-discharge coefficient k0 is 0.4. 
The outlet structure is multiple orifices.  
Case (a): Any combination of the desired orifice diameter d and number of 
orifice n, which satisfying Equation (32) is acceptable.  For instance, if 6 
identical orifices are laid out horizontally, the desired diameter would be 4 
inches (102 mm).  
Case (b): Since the maximum water depth is 0.84 m and the orifice diameter is 
about 0.25 m, the assumption that the vertical distance between orifices are 
negligible compared to water depth is invalid in this case. 
Case (c): If the interval between orifices is set as 0.1 m and there are two 
layers with 3 orifices (4 inches, 102 mm) in each layer.  The relationship 
between the upper and lower boundaries of corresponding temporal variations 
  269
of storage volume S and water depth h are as follows, as illustrated in Figure 
6.15 (Part I).  
                                                 035.8
1
1
+=⎟⎟⎠
⎞
⎜⎜⎝
⎛ ∆+= ∑−
=
lower
cm
i
ilowerupper SHbSS        (41) 
                        1.0+= lowerupper hh                                   (42) 
52.3+= lowerupper QQ                                                     (43) 
The upper boundary of removal efficiency for total particle gradation would 
be 89% according to Figure 7.13. The lower boundary of removal efficiency 
for total particle gradation was estimated as 85% according to Equation (31), 
Equation (8), particle size distribution and corresponding settling velocities 
and the temporal variation of the lower boundary of storage volume obtained 
from Equation (28). 
The entire design procedure is conceptually summarized in Figure 7.20. 
CONCLUSIONS  
This study describes a methodology for water quantity and quality design/analysis 
of rainfall-runoff basin.  “The deterministic design methodology is physically-based and 
relies on hydrologic, hydraulic, hydrodynamic, system geometry and constitutive particle 
properties.”  By incorporating several parameters P, N, H and c, the varying and 
intermittent variables such as outflow rate, water depth, and storage are represented.  For 
illustration purpose, design charts are developed for an urban Baton Rouge site loaded by 
a design storm with return period of 1 year and duration of 1 hour.  Similar charts can be 
developed for different percentage volumes, different geographic location and different 
design storm, and different gradations as required.  Once the charts are develop, they  
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Figure 7.20 Summary of Design Example 
d’ 
(Equation 27)
r90 , βT 
(regulatory or designers’ decision) 
P, c, H, N & Smax/A
(Figure 11 in Part I; 
Figure 3-9) 
N, H, P, c  
(Figure 10-17)
I: fixed Q II: single weir/orifice
kw, L, A k0, d, A
III: multiple orifices
N, H, P, c 
(Figure 10-17)
S=bhc S=bhc
S=bhc 
a b c 
upper & lower boundary
Equation (31, 32, 33) 
d’ 
(Equation 30)
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would be very useful for sizing detention basin and outlet structure selection for storm 
water control.    
NOMENCLATURE 
 
s  : storage for a unit watershed surface area [L]; 
i   : rainfall intensity [LT-1]; 
q   : runoff from a unit watershed surface area [LT-1]; 
Ks  : storage constant; 
ns   : non-linearity parameter; 
I   : inflow rate [L3T-1];  S   : storage volume [L3];  
t   : time [T]; 
h   : water depth above the outlet [L];  
b and c  : constants depending on the shape of the basin;  
a and Kq  : parameters depending on the type of outlets; 
r90   : evacuation time [T];  
VR   : total volume of runoff and defined as ∫∞
0
idt  [L3];  
vt   : settling velocity [LT-1];  
d   : particle diameter [L];  
ρ    : fluid density [ML-3];  
Sρ    : particle density [ML-3];  
CD   : drag coefficient, a function of Red;  
g   : acceleration due to gravity (9.81 m/s2); 
Red   : Reynold’s number based on diameter, defined as µ
ρdvt
d =Re ; 
µ   : dynamic viscosity of the liquid; 
t50 and tp  : time for 50% and the time for peak tracer concentration to appear in the     
                          effluent, respectively; 
CSTR :  continuously stirred tank reactor; 
A’   : basin surface area [L2];  
A  : Watershed area [L2]; 
βT   : total mass removal efficiency for inflow;  
βi   : mass removal efficiency for ith particle;  
Qi   : outflow rate at ith time step;  
Ai’   : basin surface area at ith time step;  
Mj   : mass percentage of jth-size particle out of total particles;  
βij   : mass removal efficiency for jth-size particle at ith time step;  
υj   :  velocity for jth-size particle [LT-1];  
mi   : particle mass at ith time step [M];  
βTn   : total number removal efficiency for inflow;  
Nj   : number percentage of jth-size particle out of total particles;  
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ni   : particle number at ith time step [M];  
Vt   : cumulative volume discharged from the basin [L3]. 
β   : fraction of the particles of a given size increment removed; 
d’   : diameter of the equivalent single orifice to multiple orifices; 
Supper and Slower :upper and lower boundary of storage volume [L3];  
hupper and hlower : upper and lower boundary of water depth [L];  
Qupper and Qlower: upper and lower boundary of outflow rate [L3T-1];  
iH∆    : vertical distance between layers;  
m   : number of layers;  
n’   : number of orifices in each layers. 
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CHAPTER 8.    SUMMARY AND CONCLUSIONS 
This study developed several models to investigate the particulate transport 
process during discrete rainfall-runoff events from different point of views. Water 
quantity and quality data utilized for both model calibration and verification were 
recorded for rainfall-runoff events captured in two similar small urban catchments in 
Baton Rouge, LA and Cincinnati, OH. The concrete-paved watershed in Baton Rouge, 
LA is 44.6-m long, 12.2-m wide, with a total area of 544-m2 (5853-ft2). The alphat-paved 
watershed in Cincinnati, OH is 20-m long, 15-m wide, with a total area of 300m2. The 
tangential slopes of both sites are 2%. 
The flow and constituent mass delivery process during a rainfall-runoff event is 
very complicated and generally considerably different from each other. In this study, a 
mathematic and physically-based differentiation criterion was derived to define storm 
events as either mass-limited or flow-limited events, according to the pattern of 
cumulative mass vs. cumulative volume curves. Mass-limited events occurred when the 
cumulative mass versus cumulative volume curve follows an exponential pattern, while 
flow-limited events are identified by a linear pattern. Similar to other differentiation 
criteria available in literature, the proposed methodology is applicable only when both 
water quantity and quality data are available during the rainfall-runoff event. Since water 
quality analysis is generally costly, time-assuming and even impossible in some cases, 
the classification methodology developed for mass-limited versus flow-limited events 
differentiation based on hydrology data only in this study is valuable to. The 
methodology is based on two statistical approaches, logistic regression and linear 
discriminant analysis, and satisfactory classification accuracy was achieved. Multiple 
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linear regression technique was proposed to predict two mass delivery parameters (k1 and 
M0) for mass-limited events. Analysis of covariance technique was feasible to generalize 
differentiation criteria and multiple regression results from the two experimental sites. 
Uncertainty analysis indicated that categorical analysis techniques such as logistic 
regression and discriminant analysis were applicable for rainfall-runoff events 
differentiation. Logistic Regression was found more reliable than Discriminant Analysis 
because of the fact that the uncertainty introduced by the estimation procedure of α and β 
(parameters for normalized cumulative hydrograph) was not significant for Logistic 
Regression but significant for Discriminant Analysis. The Multiple Regression technique 
for parameter prediction was found robust with respect to the uncertainty in α and β. 
 In addition to statistical methods for mass transport modeling, the oldest and 
most common method would be deterministic models, which simulate the physical 
process in details. A semi-empirical model, incorporation both shear stress equations and 
rain drops effects, was developed to simulate particulate transport process in rainfall-
runoff events. In Part I, the watershed was assumed to be lumped system and the 
overland flow was modeled with a lumped routing equation, with two parameters 
calibrated by a Nash-Sutcliffe coefficient response surface. Parameters in the proposed 
lumped mass transport model were calibrated with a Nash-Sutcliffe coefficient response 
curve. The feasibility of the models was demonstrated by two similar catchments in 
Baton Rouge, LA and Cincinnati, OH. Good agreement was found for both hydrology 
and mass transport modeling. The incorporation of particle size distribution of particulate 
did improve the effectiveness of the model, which is consistent to finds in literature. In 
Part II, the watershed was assumed as a distributed system. Kinematic wave model was 
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utilized to model overland flow. The mass transport model incorporated both shear stress 
and rain drop solids entrainments and calibrated models, combined with particle size 
distribution (PSD) gave fair agreement between measured and simulated pollutographs. 
Fractional advection-dispersion model was investigated as well and it turned out that the 
effect of fraction was significant for Baton Rouge site, but not for the Cincinnati site. The 
value of F was calibrated as 1.6 for the Baton Rouge catchment. Further investigation is 
necessary for study the feasibility of fractional advection-dispersion model for rainfall-
runoff process over urban surfaces because of the seemingly conflicting results in two 
experimental sites. 
 Unit Hydrograph (UH) is a well-known concept for hydrologic modeling. It has 
been widely applied because it is simple and accurate when used properly. Similar to unit 
hydrograph (UH) and instantaneous unit hydrograph (IUH) concepts, analogous concepts 
of unit pollutograph (UP) and instantaneous unit pollutograph (IUP) were derived in this 
study. The methodology developed for pollutograph derivation from UP and IUP utilized 
a novel pollutant yield prediction relationship, which dealt with mass-limited and flow-
limited rainfall-runoff events separately. The feasibility of the concepts and methodology 
was investigated by the rainfall-runoff data recorded in Baton Rouge, LA and Cincinnati 
catchments. The comparison of measured and modeled pollutographs proved that the IUP 
technique was feasible to represent pollutant mass delivery process in rainfall-runoff 
events. The same methodology can be followed for other catchments for pollutograph 
prediction. 
The ultimate goal for all of the mass transport delivery modeling methods is to 
better understand the complex process and thus select cost-coefficient best management 
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and practices (BMPs) to address the adverse influence of polluted rainfall-runoff towards 
receiving water bodies. Rainfall-runoff basins are one of the most widely used. Extensive 
efforts have been made on design and analysis methodologies for rainfall-runoff basins. 
In this study a methodology was proposed for rainfall-runoff basin design/analysis for 
both water quantity and quality control. The deterministic design methodology is 
physically-based and relies on hydrologic, hydraulic, hydrodynamic, system geometry 
and constitutive particle properties. The lumped reservoir-routing technique, incorporated 
with several parameters P, Hazen’s N, H and c (an index for basin geometry), represented 
the varying and intermittent variables such as outflow rate, water depth, and storage. Two 
indices, evacuation time for water quantity control, and particulate removal efficiency, 
were selected as the design criteria. A number of computer simulation were run and 
illustrative design charts were developed for an experimental site in East Baton Rouge 
Parish, LA and design storm with return period of 1 year and duration of 1 hour. With 
those charts, designers could determine critical design indices such as detention basin 
area, volume and outlet structure options to achieve requirements in both water quantity 
and quality, following the given design example. Similar charts can be developed for 
different catchment area, different geographic location and different design storm if so 
desired. Once the charts are developed, they would be very useful for sizing rainfall-
runoff basin geometry and outlet structure selection design for storm water quantity and 
quality control.  
Results generated from this research were primarily intended to elevate 
knowledge of both regulators and designers for better understanding of mass delivery 
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process in rainfall-runoff events and provide valuable guidance for rainfall-runoff basins 
design. Further research could investigate other BMPs, such as filtration system.   
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